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ABSTRACT
The increased occurrence of antibiotic resistant bacteria (ARBs) in the environment
is posing significant and increasing pressure on human health care in the U.S. and glob-
ally. The misuse, overuse and partial metabolism of antibiotics in humans and the animal-
producing industry over the years has been accompanied by unintentional environmental
antibiotic contamination. With the increased incidence of ARBs, attention has been paid
to the environmental fate of antibiotics, including Oxytetracycline (OTC).
OTC is one of the most commonly administered antibiotics to livestock and has been
categorized by the World Health Organization (WHO) as “critically important ”because
it is used as an alternative treatment of serious infections in humans and to treat diseases
caused by bacteria that may be transmitted to humans from non-human sources. Even
though OTC has a low potential for mobility due to its high sorption partition coefficient
(Kd range between 115 to 269,097 L/Kg), OTC has been detected in surface and ground-
water. OTC is strongly retained by soil component (alumninosilicates, organic matter,
metal oxides) through multiple mechanisms, yet is still bioavailable to microorganisms
suggesting a potential scenario for toxicity and/or emergence of antibiotic resistance.
This work presents an inventory of reported OTC concentrations distributed in aqueous
and solid media and an evaluation of the fate of OTC in the environment. OTC concen-
trations were compared to threshold limits that delineate selective windows of resistance
to assess the selective potential for resistant bacteria. A model to predict OTC partition
coefficients based on soil properties was developed considering the importance of sorption
on the fate, mobility and bioavailability of OTC, the variability of reported sorption and
the complex interaction of OTC with soil components.
The fate and transport of OTC in soil was addressed by using a Two-site, One-rate
ii
Non-equilibrium model. Simulation results were compared to antibiotic resistant selec-
tion regions to evaluate which scenarios resulted in the potential for antibiotic resistant
harboring. The model predicted soil-bound OTC concentration levels that were within
the antibiotic resistance selection ranges. Therefore, surface application of slurry and di-
luted slurry with manure-associated OTC concentrations on the order of 101 to 102 µg/Kg
could potentially select for antibiotic resistant bacteria (ARB), particularly in cases where
no incorporation of manure is considered. Predicted concentrations resulted in potential
selection of ARBs throughout the entire simulation period (120 days) for slurry application
without incorporation and up to 50 days for slurry application with homogeneous incor-
poration of manure to a depth of 10 cm. For the cases of diluted slurry application without
incorporation, predicted concentrations resulted in potential selection of ARBs through-
out the entire simulation period (120 days) and up to 30 days for diluted slurry application
with homogeneous incorporation of manure to a depth of 10 cm.
These results suggest that OTC concentrations in swine manure together with current
waste management practices of land application of manure as fertilizer present the poten-
tial for selection of antibiotic resistance, in particular when no incorporation of manure is
practiced. The incorporation of manure into soil effectively reduces OTC concentrations
in soil and also in the aqueous phase to levels below antibiotic resistance selectivity. Incor-
poration of manure into soil and other manure management practices to reduce manure-
associate OTC, such as stockpiling and composting, can be effective in minimizing the
potential selection for antibiotic resistance. Additional research is needed to assess the
microbial activity of soil-bound OTC to compare OTC concentration levels in soil with
antibiotic selectivity ranges.
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1. INTRODUCTION
The increased incidence of antibiotic resistant bacteria is posing a signicant human
health concern in the U.S. and globally. The misuse and overuse of antibiotics has re-
sulted in the release of antibiotics into the environment which has given rise to antibiotic
resistant bacteria. The evolution of antibiotic resistance is enhanced by the presence of
resistant genes on mobile genetic elements and by the use of antibiotics in concentrations
that enable them to behave as selective agents (Witte, 1998). The use of antibiotics in an-
imals has been associated with or suggested as a source of antibiotic resistant bacteria in
humans (Levy et al., 1976; Spika et al., 1987; Hunter et al., 1994; Fey et al., 2000; Smith
et al., 2002; Box et al., 2005; Mathew et al., 2007; Forsberg et al., 2012; Kilonzo-Nthenge
et al., 2013). Although, the risk posed to humans by antibiotic resistant bacteria originat-
ing from agriculture has not been clearly established, there is a suspected indirect pathway
of exposure.
Antibiotics are routinely administered prophylactically and for growth promotion in
animals, and to control certain bacterial diseases in crops and animals. Oxytetraxycline
(OTC), the antibiotic of interest in this work, is one of the most commonly administered
antibiotics in animal husbandry. OTC is poorly absorbed by the animal gut. Thus, a
fraction of OTC not metabolized is excreted through feces and/or urine some of which is
collected and stored for use as fertilizer on farmland. Given the variability in the manage-
ment of manure and agricultural practices, there is a wide range of OTC concentrations
released to the environment through these practices. The extent to which there is the po-
tential to develop antibiotic resistance in indigenous microbial populations that result from
the exposure and selective pressure of antibiotics is not well understood.
The research reported in this dissertation was formulated to address three objectives.
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The first objective was to identify a commonly used antibiotic whose occurrence in the
environment has been documented and categorized concentration ranges in reported aque-
ous and solid media. An extensive literature review resulted in identifying OTC whose
reported measurements in various types of aqueous and solid media is presented in chap-
ter 2.
Key characteristics that led to identifying OTC include prevalence of use, frequency of
residual concentrations found in soil, and strong sorption to soil components, such as alu-
minosilicates, organic matter and metal oxides, through multiple mechanisms. A second
objective was to assess the fate and transport of OTC from land application of manure on
agricultural soils. A third objective was to assess whether residual concentrations in the
soil media have resulted in the potential to select for antibiotic resistance.
Partition coefficients (Kd) for OTC in soil samples range from 115 to 269,097 L/kg.
Sorbed OTC had been reported to be bioavailable to microorganisms suggesting a potential
scenario for toxicity and/or emergence of antibiotic resistance. Given the complex interac-
tion of OTC and soil components, the variability of reported sorption and the importance
of sorption on the fate, mobility and bioavailability of OTC, a model was developed to
predict partition coefficients based on soil properties. The development of the model for
Kd estimations is presented in chapter 3. Findings regarding the importance of the selected
methodology for the quantification of Kd for OTC are also summarized in chapter 3.
To address the fate and transport, a two-site, one-rate, non-equilibrium model based on
the classic advection-dispersion equation was selected to evaluate the mobility of OTC in
agricultural soils. The conceptual framework of the mathematical model and assumptions
considered for the implementations of the two-site, one rate, non-equilibrium model are
described in chapter 4. The two-site, one rate, non-equilibrium model does not have an ex-
act solution, therefore is approximated by means of the Finite Difference Method (FDM).
A description of the FDM used for the discretization of the model and its numerical im-
2
plementation is presented in chapter 5.
Scenarios designed to evaluate the transport of OTC and simulation results are pre-
sented in chapter 6. Resulting aqueous and solid media concentrations are plotted against
time and compared to minimal inhibitory concentrations to evaluate the potential of an-
tibiotic resistance selection. Finally, a summary of results, conclusions and further studies
are presented in chapter 7.
3
2. ENVIRONMENTAL OCCURRENCE OF OXYTETRACYCLINE AND THE
POTENTIAL SELECTION OF ANTIBIOTIC RESISTANCE IN BACTERIA 1
2.1 Introduction
Antibiotics in the environment can alter the composition and diversity of indigenous
soil microbial communities, which can lead to inhibited decomposition of organic matter,
altered nutrient cycling and changes in energy flow (Kennedy and Smith, 1995; Baquero
et al., 2008; Martínez, 2009; Kong et al., 2012). Additional concerns for antibiotic pres-
ence in the environment are the effects from long-term environmental exposure to low
concentrations of antibiotic, in the range of ng/L to µg/L.
Oxytetracycline (OTC), the subject antibiotic of this work, is commonly used to treat
bacterial infections in human and is widely administered to farm animals to prevent (pro-
phylactically) and treat (therapeutic) diseases, as well as increase productivity (growth
promotion) due to its low toxicity profile, broad spectrum of activity and low cost (Chopra
and Roberts, 2001; Miranda and Zemelman, 2002; Watanabe et al., 2010; Kong et al.,
2012). In 2009, World Health Organization (WHO) categorized OTC as a “critically im-
portant”antibiotic because it is used as an alternative treatment of serious infections in
humans and to treat diseases caused by bacteria that may be transmitted to humans from
non-human sources. In the United States (US), OTC has been used as a feed additive since
1953 (Chopra and Roberts, 2001) for cattle, swine, poultry, turkeys, sheep, honey bees,
pacific salmon, salmonids, cat fish, rainbow trout and lobster (CFR, 2017). OTC is also
one of the most commonly used antibiotics on plants but, in a more modest degree relative
to human and veterinary uses (McManus et al., 2002). OTC is partially absorbed in the
digestive track: about 40-80% of the administered dose (Hirsch et al., 1999; Merck and
1adapted from Muñoz et al. (2017).
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Co., 2002; de Liguoro et al., 2003; Sarmah et al., 2006; Boxall et al., 2006). With the
increased incidence of antibiotic resistance detected and reported, increased attention has
been paid to the environmental fate of OTC (Chopra and Roberts, 2001).
Even at low concentration levels, OTC and its transformation products have been
shown to facilitate the development of antibiotic-resistant bacteria (ARB) and accelerate
the evolution, mobilization and transfer of antibiotic resistant genes (ARG) to pathogens
(Brown et al., 2006; Huang et al., 2012; Bengtsson-Palme and Larsson, 2015; Lundström
et al., 2016). Several authors have highlighted water and soil environments as recipients,
reservoirs and sources of ARGs to pathogens (Pruden et al., 2006; Martínez, 2008; Zhang
et al., 2013). However, the scale at which the environmental presence of OTC contributes
to the enrichment and prevalence of ARBs and ARGs is still unclear.
A general assumption in pharmacodynamics models is that selection of ARBs occurs
on the range of a minimal inhibitory concentration (MIC) of the susceptible type (MICsusc)
and the MIC of resistant bacteria (MICres) as depicted in the orange shaded section in Fig-
ure 2.1 (Drlica, 2003; Drlica and Zhao, 2007; Gullberg et al., 2011). However, studies
have shown that low concentration levels are relevant for the enhancement and prevalence
of selected new mutants as well as pre-existing resistant mutants depicted by the yellow
shaded section of Figure 2.1 (Gullberg et al., 2011; Liu et al., 2011; Quinlan et al., 2011;
Lundström et al., 2016). This limit value is referred to as the minimal selective concentra-
tion (MSC), which can also be defined as the minimum concentration at which the resistant
mutants can outgrow sensitive wild-type strains (Gullberg et al., 2011).
The objective of this section is to provide a through inventory of OTC concentrations
reported in the many environmental compartments and an assessment for the potential
development of ARBs. Understanding the occurrence of OTC in the different environ-
mental compartments (surface water, runoff, sediment and soil) is being used to identify
potential hot-spots for antibiotics resistance. Comparison of environmental concentrations
5
Figure 2.1: Schematic diagram of growth rates as a function of antibiotic concentration.
The green region indicates the interval were sensitive strains (blue line) outcompete re-
sistant strains (red line). The orange (sub-MIC selective window) and red (traditional se-
lective window) regions indicate concentration intervals were resistant strains outcompete
sensitive strains. MSC = minimal selective concentration; MICsusc = minimal inhibitory
concentration for the sensitive strain; MICres = minimal inhibitory concentration for the
resistant strain. Figure reproduced from Gullberg et al. (2011)
of a specific medium with MSCs (thresholds for ARB development) is a potential means
of identifying the selective pressure risk (Ashbolt et al., 2013). Such data could aid in
developing guidelines and/or regulations for safe limits that take into account the risk of
antibiotic resistance development (Lundström et al., 2016).
2.2 Methodology
OTC has been detected in several different media around the world by numerous in-
vestigations (around 45 journal papers). The data reported for OTC concentrations were
initially categorized as either aqueous (Table A.1, Appendix A) or solid (Tables B.1 and
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B.2, Appendix B). The aqueous media data were further delineated based on origin, either
agricultural (Ag), urban (Urb) or Industrial (Ind). The data from each of these sources (Ag,
Urb or Ind) were then sorted based on sample origin: surface water, groundwater, runoff,
waste water treatment plant (WWTP) influent and effluent, waste water (WW) lagoon and
anaerobic digester. OTC concentrations reported for solid media were also sorted based on
sample origin: sediments (Ag, Urb, Ind or Fish farm), sludge (Urb, Ind, Cattle or Swine),
fresh or aged manure (Cattle, Swine or Poultry), and soil.
Agricultural sediment is defined as those river sediments over areas influenced by agri-
cultural activity, near manure composting facilities and concentrated animal feeding opera-
tions. Urban and industrial sediments are defined as river sediments over areas influenced
by urban (domestic) and industrial (OTC production facilities) discharges, respectively.
Fish farm sediment include river and marine sediment at (or near) fish farms lagoons. Ur-
ban and industrial sludge are defined as activated sludge samples from urban and OTC
production WWTPs, respectively. Animal sludge is defined as samples taken from WW
lagoons which collect surface runoff, wash water and manure generated at the agricultural
facility. Fresh manure is defined as those samples taken directly in a house or barn, or
from the influent of a waste treatment operation. Aged manure samples originated from
some type of treatment such as: compost, storage tanks, digesters, manure heaps adjacent
to the field.
To represent the OTC data by these categories, boxplots of aqueous and solid media
were generated and are presented in Figure 2.2 and Figure 2.3, respectively. The number
of observations is also identified on the figures. A total of 103 observations were reported
for aqueous media and 429 were reported for solid media.
To assess if OTC presence in aqueous and soil media promotes development of re-
sistance, concentrations were compared with threshold limits that delineate the sub-MIC
selective window of resistance (Figure 2.1). For aqueous media, effective concentration of
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Figure 2.2: OTC concentration in aqueous media
8
Figure 2.3: OTC concentration in solid media
9
10% activity inhibition (EC10) and MIC on a pure sensitive strain (E. coli ATCC 25922)
were assumed as MSC and MICsusc, respectively (Peng et al., 2014). For soil media, 10%
and 100% of decline in colony forming units (CFU) of E. coli ATCC 25922 in a silt loam
soil were assumed as MSC and MICsusc, respectively (Peng et al., 2014). EC10 and EC50
effect on substrate-induced respiration (SIR) from indigenous microbial population on a
sandy loam soil were assumed as MSC andMICsusc, respectively (Thiele-Bruhn and Beck,
2005). Values are presented in Table 2.1.
Table 2.1: Minimum Selective Concentration of OTC (ng/mL)
Bacteria strain Limit Value Reference
Salmonella enterica
sevorar typhimurium
MSC 15
Gullberg et al. (2011)MICsusc 100
MICres 128000
Salmonella spa
MSC 53b
Chander et al. (2005)
MICsusc 55000b
E. coli ATCC 25922
MSC 4643c
Peng et al. (2014)
MICsusc 200x103c
a The power function % decline in CFU = A(Csoil)B was used to estimate TC concentra-
tions in soil to achieve 10 and 100 % decline in CFU on a loamy sand soil under manure
incorporated conditions. 10% and 80% decline in CFU for Salmonella sps were assumed
as MICsusc and MICres, respectively. b For Salmonellas: A = 16.96 and B = 0.18. c 10%
and 100% decline in CFU for E. coli ATCC 25922 were assumed as MSC and MICsusc,
respectively.
2.2.1 Occurrence in aqueous media
A total of 73, 19 and 11 observations were reported for agricultural, urban and indus-
trial areas, respectively, for aqueous media. Surface water presented the highest frequency
of detection for the three sources. The rest of the categories reported a low detection
frequency, below 10 observations, except for Ag WW lagoon with 13 (Figure 2.2).
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OTC aqueous concentrations from agricultural areas range from 10−2 to 1 ng/mL,
except for runoff and anaerobic digester (AD). Runoff concentrations range from approx-
imately 10−1 to 102 ng/mL. In this extensive review, only three authors reported OTC
presence in runoff (Kay et al., 2005c; Blackwell et al., 2007; Popova et al., 2017) from
overland flow experiments due to land application of manure contaminated with OTC.
Kay et al. (2005c) and Blackwell et al. (2007) report that the slurry application rates were
characteristic of standard agricultural practices in the UK (45,000 and 33,000 L/ha, re-
spectively). In both cases, OTC was spiked into the slurry at concentrations of 18.85 and
26.2mg/L, respectively. Popova et al. (2013) used a different approach in which the OTC
contaminated manure (1 kg) was applied as a strip across the packed soil box. Manure
was treated with OTC to achieve a concentration of 200 µg/kg.
Kay et al. (2005c) identified a peak concentration of OTC on the first rainfall event (24
hr after manure application) with 71.7 ng/mL and 32 ng/mL for tilled and no tilled plot
soils, respectively. Blackwell et al. (2007) detected OTC only on the composite sample
(0.9 ng/mL) collected 6 days after treatment. Popova et al. (2013) collected composite
samples weekly over a 3 week period. An average total mass of 4.1 and 1.7 µg of OTC
were detected over the three weeks from two silt loam soils representative of Northern
California, USA. Reported mass losses in surface water runoff of initially applied OTC
were estimated to be below 0.1% for the Kay et al. (2005c) study and 2.5% for Popova
et al. (2013) study. These observations indicate that even compounds with high sorption
coefficients for soil, such as OTC, can experience significant transport via surface runoff.
OTC concentrations in AD were in the range of 103 ng/mL and are approximately
three to four orders of magnitude higher than the highest OTC concentration reported for
Ag WWTP influent (100 ng/mL) and effluent (10−1 ng/mL), respectively. Reported
OTC concentrations from urban sources ranged from 10−3 to 100 ng/mL while industrial
concentrations range from 102 to 105 ng/mL. Industrial sources are from OTC production
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facilities (Li et al., 2008). For both sources groups, urban and industrial, surface water
concentrations are lower than WWTP effluent (dilution effect), and WWTP effluent are
lower than WWTP influent.
2.2.2 Occurrence in solid media
Among solid media, the most frequent reported detections were in sediments (173
observations) and soils (140 observations). Sludge, fresh and aged manure present 24, 47
and 45 observations, respectively. OTC concentrations in urban sediment range from 1
to 101 µg/kg; in agricultural and fish farm sediment range from 10−1 to 103 µg/kg and
101 to 105 µg/kg, respectively, as depicted in Figure 2.3. Industrial sediment range at 105
µg/kg and are much higher in comparison with Ag, Urb and fish farm sediment.
OTC is commonly used in the aquaculture industry which is reflected in a high de-
tection frequency (103 observations). All urban sediment samples are from a study by
Kim and Carlson (2007) along the Cache La Poudre River in northern Colorado. This wa-
tershed is a relatively complex system as it includes several municipal WWTP effluents,
numerous tributaries and withdrawals along the river. Ag sediment observations include
studies from Simon (2005), Boxall et al. (2006), Kim and Carlson (2007) and Awad et al.
(2013).
OTC was detected in sludge from urban, industrial and agricultural sources. OTC
concentrations in urban and industrial activated sludge range from 102 to 103 µg/kg and
at 106 µg/kg, respectively. OTC sludge concentrations from treatment lagoons for animal
operations (cattle and swine) range from 10−1 to approximately 102 µg/kg. Treatment
lagoons and storage ponds or pits are common structure used for management of waste
in cattle and swine animal feeding operations to collect surface runoff, wash water and
manure generated (Mackie et al., 2006; Watanabe et al., 2010; Zhang et al., 2013; Zhou
et al., 2013). OTC concentration in fresh and aged manure (cattle, swine and poultry)
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range from 101 to approximately 105 µg/kg and 101 to 104 µg/kg, respectively.
OTC concentrations in soil include measurements from eight countries (China, Ger-
many, Korea, Italy, Spain, UK, Turkey and USA) and range from approximately 10−1
µg/kg to 103 µg/kg. Soil samples include measurements at various depths, times after
treatment (time after land application of manure or slurry), and random sampling from
agricultural areas (animal husbandry and crop fields).
2.3 Discussion
Aqueous phase OTC was detected in several wastewater treatment facilities, ground-
water and surface water sources. Antibiotic removal by conventional wastewater treatment
has been demonstrated to be incomplete (Kim et al., 2005; Jia et al., 2009; Shao et al.,
2009). Traditional wastewater treatment processes are ineffective in completely eliminat-
ing aqueous phase OTC, as indicated by the presence of OTC in the effluent of urban and
industrial discharges.
Despite OTCs high water solubility and low n-octanol/water partition potential based
on its partition coefficient, OTC is known to be highly sorbed onto solids (manure, sed-
iment and soil) (Tolls, 2001; Sassman and Lee, 2005; Kim et al., 2005; Figueroa, 2012;
Huang et al., 2012). Consequently, sorption can be a significant removal mechanism for
OTC from WWTPs (Kim et al., 2005; Huang et al., 2012), as OTC sorbs to biomass in
the activated sludge (Kim et al., 2005). However, great attention has to be given when
sludge is recycled for agricultural purposes (de Cazes et al., 2014). Ozonation has been re-
ported as effective in reducing OTC concentrations levels from industrial WWTP facilities
(Zheng and Bennett, 2002a).
OTC occurrence in shallow groundwater has been associated with seepage from treat-
ment lagoons (Mackie et al., 2006). OTC occurrence in surface water influenced by agri-
cultural activities suggests that its sorption to solid medium is not an irreversible process
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and that certain conditions could facilitate their mobility in the environment (Kim et al.,
2005; Watkinson et al., 2007).
OTC is commonly used in the fish farming industry to protect against bacterial diseases
which are a frequent problem. The occurrence and persistence of OTC in sediments from
fish farm lagoons has been investigated by several authors (Jacobsen and Berglind, 1988;
Björklund et al., 1990; Samuelsen et al., 1992; Capone et al., 1996; Kerry et al., 1996)
and include measurements from Finland, Ireland, Norway and the US. OTC persistence
in sediment may be significantly affected by the physical and chemical characteristics of
sediment, temperature, pH (Björklund et al., 1990). Half-life values for marine sediments
originating from fish farming operations range from 32 to 419 days (Samuelsen, 1989;
Björklund et al., 1990).
Even substances with high sorptive capacity are not necessarily immobile. The pres-
ence of OTC-contaminated river sediment in areas influenced by agricultural activities
could be explained by transport from overland flow. Overland flow from manure treated
farmlands has been previously identified by Kay et al. (2004) as a pathway by which
OTC enters surface waters and can be transported either solubilized or associated with
suspended sediments.
OTC occurrence in soil has been extensively documented in crop fields and animal
production farms (de Liguoro et al., 2003; Kay et al., 2004; Aga et al., 2005; Brambilla
et al., 2007; Andreu et al., 2009; Karci and Balciog´lu, 2009; Zhou et al., 2013; Huang
et al., 2013). Its presence in soil has usually been associated with land application of
OTC-contaminated manure. To a lesser extent relative to veterinary and human use, OTC
is used on several fruit crops (pears, peaches, nectarines and apples) to control bacterial
diseases (McManus et al., 2002).
Potential selection of resistant bacteria in aqueous media was assessed by comparing
aqueous OTC concentrations with MSC and MICsusc values for E. coli (Table 2.1). As
14
depicted in Figure 2.4, all aqueous sources were found to be below the sub-MIC selective
window except samples taken from industrial sources and Ag anaerobic digester. This
comparison illustrates that OTC surface water receiving WWTP discharges from OTC
production facilities have the potential to select for resistant strains of E. coli ATCC 25922
under the sub-MIC selective window concept.
Figure 2.4: Comparison of OTC concentration in aqueous media with sub-MIC and tradi-
tional selective window for Salmonella typhimurium
Potential selection of resistant bacteria in soil was assessed by comparing soil OTC
concentrations with MSC and MICsusc for E. coli and indigenous microbial population in
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loamy sand and sandy loam, respectively. As depicted in Figure 2.5, no OTC concentra-
tion measurements are inside the sub-MIC selective window for an E. coli sensitive strain
(Figure 2.5a), while several OTC concentration are within the sub-MIC selective window
for the indigenous microbial population in a sandy loam soil sample (Figure 2.5b). These
comparisons suggest that residual OTC concentrations in soil induce a selective pressure
for resistance in soil microorganisms, however, the real extent of the sub-MIC selective
window is unknown since EC50 is being used as the upper end of the resistance selective
range. Results from Figure 2.5 illustrate that the potential selective pressure of a particular
bacterial strain, cannot be extrapolated to bacterial populations in soil where bacterial di-
versity can harbor a variety of antibiotic resistant genes that can be exchanged potentially.
2.4 Summary
The inventory of OTC presence in aqueous and solid media revealed multiple sources
and a range of concentrations. Surface water receiving industrial WWTP effluent was
identified as a potential source of OTC concentrations that might select for OTC resistance
of E. coli in aqueous media. Strategies aimed at reducing WWTP effluent concentrations
of OTC should be implemented to minimize the potential selection of resistant bacteria
once discharged.
Soil was identified as a reservoir for OTC concentrations with the potential to select
for resistance among indigenous soil microorganism. Comparison of OTC concentrations
with resistant selective zone ranges demonstrate that the presence of OTC can result in the
selection of resistant bacterial strains in soil. However, is important to highlight that MICs
of a given antibiotic differ from organism to organism and within species as depicted in
Figure 2.5a and 2.5b.
Several MIC assays of tetracycline have been reported for single bacterial strains and
complex bacterial communities in aquatic environments. However, no reported MSC and
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Figure 2.5: Comparison of OTC concentration in soil with sub-MIC selective window for
a. Salmonella sp and b. E. coli ATCC 25922
MICsusc range was found for OTC. Further studies are required to identify OTC concentra-
tion ranges for resistance selection in aqueous and solid media considering the biodiversity
of indigenous microbial populations. Such data can provide a basis to develop guidelines
and/or regulations for usage of antibiotics and their subsequent release to the environment.
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3. SORPTION BEHAVIOR OF OXYTETRACYCLINE IN SOIL MEDIA
Land application of animal waste is a common agricultural practice worldwide due to
its value as a nutrient supplier and low cost disposal method (Aga et al., 2003; Kumar et al.,
2005; Chee-Sanford et al., 2009; Chen et al., 2012). Land application has been shown to
be also a large areal scale means of antibiotics and genetic resistant determinants (Chee-
Sanford et al., 2009) introduction to the environment and has been identified as a source of
resistant genes to pathogens (D’Costa et al., 2006; Martínez, 2008; Wright, 2010; Pruden
et al., 2013; Finley et al., 2013).
OTC can be strongly retained by certain components of soils, such as aluminosilicates,
organic matter and metal oxides, through multiple mechanisms. Yet, OTC is still bioavail-
able to microorganisms suggesting a potential scenario for toxicity and/or emergence of
antibiotic resistance (Thiele-Bruhn and Beck, 2005; Kong et al., 2012; Peng et al., 2014).
Sorption, the distribution between the aqueous and solid phase, is one of the most impor-
tant environmental processes responsible for the retention of OTC and other antibiotics in
the soil environment. Sorption controls not only the fate, mobility and bioavailability of
OTC, but also the potencial for transformation reactions and biological effects (Figueroa,
2012; Jechalke et al., 2014). A common practice of estimating a soil partition coefficient
(Kd), is based on the octanol-water and organic carbon partition coefficients (Kow and Koc,
respectively). However, this technique does not necessarily provide an accurate means of
predicting the sorption behavior of OTC and other antibiotics to soil particles (Tolls, 2001;
Loke et al., 2002; MacKay and Canterbury, 2005). Complex interactions between soil and
OTC beyond hydrophobicity contribute to partitioning.
Accurate determination of Kd is critical for environmental fate predictions of antibi-
otics. Several authors have reported soil-water distribution coefficient (Kd) models based
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on soil physico-chemical properties (Figueroa et al., 2004; Jones et al., 2005; ter Laak
et al., 2006b; Gong et al., 2012; Kong et al., 2012; Teixido et al., 2012). Most of the ex-
isting models demonstrated the importance of texture, cation exchange capacity (CEC),
organic matter (OM) and crystalline oxide content in predicting the distribution of antibi-
otics in soils. However, equilibrium sorption experiments that do not account for potential
complexation reactions, such as with Calcium, result in decreased Kd values. Conse-
quently, the use of Kd to predict the fate of OTC has not proven to be adequate.
3.1 OTC characteristics and properties
OTC was one of the first tetracycline antibiotics discovered in 1948. OTC is a broad
spectrum bacteriostatic antibiotic (inhibits growth while not necessarily killing bacteria)
with high activity against a wide variety of disease-producing bacteria including: Bacillus
substilis, Echerichia coli, Mycrobacterium, Salmonella schottmulleri, and Staphlociccus
aureus (Sithole and Guy, 1987b). In the US, OTC has been used as a feed additive since
1953 (Chopra and Roberts, 2001) for cattle, swine, poultry, turkeys, sheep, honey bees,
pacific salmon, salmonids, catfish, rainbow trout and lobster (CFR, 2017) and plants (in
a smaller scale) (McManus et al., 2002). OTC is poorly absorbed in the digestive track,
resulting in the excretion of about 20-60% of the administered dose (Hirsch et al., 1999;
de Liguoro et al., 2003; Merck and Co., 2002; Sarmah et al., 2006).
Oxytetracycline (OTC) is a large amphoteric polyfunctional ionogenic molecule (Fig-
ure 3.1a) (Sassman and Lee, 2005; MacKay and Vasudevan, 2012; Kong et al., 2012) that
can interact with multiple sorption sites on environmental solids though multiple sorp-
tion mechanisms. OTC is positively charged (OTC00+) under strong acidic conditions
when the dimethyl amine group is protonated (Kulshrestha et al., 2004). The zwitterion
species (OTC−0+) results from the loss of a proton from the tricarbonyl-methane sys-
tem and is dominant over the pH range of approximately 3.6 to 7.5. OTC is negatively
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Figure 3.1: OTC structure molecule, corresponding acid/base dissociation constants
(pKa), charge of ionizable groups and speciation diagram. OTC structure modified from
Sassman and Lee (2005) and Figueroa and MacKay (2005).
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charged (OTC−−+ and OTC−−0) under alkaline conditions when the phenolic diketone
and dymethylammonium system loose protons (Figure 3.1b), respectively (Sassman and
Lee, 2005; Pils and Laird, 2005).
OTC00+ is the dominant species up to pH≈ 3.5, but is present up to pH≈ 5.5. OTC−0+
is present from pH ≈ 5.5 and becomes the dominant species at pH ≈ 7.5. OTC is con-
sidered highly soluble in water (1 to 300 g/mL) (Kay et al., 2004; Sanderson et al., 2005;
Chu, 2011). Octanol/water partitioning coefficients (Kow) change considerably with pH.
Log Kow values from -2.45 to -1.06 have been reported (Collaizzi and Klink, 1969; Kul-
shrestha et al., 2004). OTC is susceptible to abiotic transformation by processes including
hydrolysis, photolysis and oxidation reactions (Halling-Sørensen et al., 2002; Rose and
Pedersen, 2005).
3.2 Interaction with pure clays
Structural characteristics of the soil mineral composition together with favorable chem-
ical speciation affect the sorption behavior and retention process of OTC in soil medium
(Figueroa et al., 2004; Aristilde et al., 2010). Figueroa et al. (2004) reported more favor-
able sorption of a fully protonated OTC to montmorillonite (Kd = 44108 L/kg) than to
kaolinite (Kd = 222 L/kg). In a study by Kong et al. (2012), illite and kaolinite content
showed a negative and positive correlation, respectively with sorption capacity Kd. Aris-
tilde et al. (2010) demonstrated the presence of OTC in montmorillonite interlayer spaces
under acidic pH. At alkaline pH, sorption was explained by complexation of external sites.
Although, OTC sorption decreases as solution pH is raised (Figueroa et al., 2004;
Aristilde et al., 2010; Figueroa et al., 2010), the sorption coefficient decreases gradually
(from pH 6 to 8) instead of showing the expected characteristic “edge” behavior due to the
absence of cationic OTC species competing for negatively charge sites (Figueroa et al.,
2004). These results demonstrate the importance of the zwitterionic species (OTC−0+) at
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environmentally relevant pH ranges. Even though the net charge of a zwitterion is neutral,
the partial positive and negative charges are spatially distant and react individually on
charge exchange sites (Sassman and Lee, 2005).
Ionic strength of the soil suspension can also affect the sorption to the clay parti-
cles. Assessment of OTC adsorption on pure clays at low ionic strength suggests cation
exchange and surface complexation as the most important sorption mechanisms for the
cationic (OTC00+) and zwitterionic (OTC−0+) species, respectively (Figueroa et al., 2004).
Figueroa et al. (2004) reported reduced adsorption on clay as ionic strength increases.
These results indicate the importance of considering solution speciation and presence of
competitor ions in soil pore water in modeling the sorption of OTC.
Sorption of OTC onto clay surfaces is also affected by the type of cation(s) present due
to competition at the sites. OTC replaces cations in sodium (Na+) saturated clays more ef-
ficiently than in calcium (Ca+2) saturated clays under acidic conditions. At low pH where
OTC00+ and OTC−0+ are the dominant species (competing for negative charge sites on
clays), higher sorption occurred in the presence of Na+. In contrast, under alkaline condi-
tions (OTC−−+ and OTC−−0 as dominant species), calcium based clays exhibited higher
sorption than sodium based clays. Sorption occurs through cation exchange and cation
bridging at low and high pH, respectively (Figueroa et al., 2004; Figueroa, 2012). OTC
and other Tetracycline antibiotics are known to form complexes with several divalent and
trivalent metal ions (Martin, 1979; Kulshrestha et al., 2004; ter Laak et al., 2006a). Batch
equilibrium sorption experiments are typically performed using 10 mM CaCl2. Conse-
quently, a significant amount of OTC is expected to be complexed with calcium in these
batch equilibrium sorption experiments resulting in the overall sorption coefficient being
underestimated due to possible dissolved Ca-OTC complexation (ter Laak et al., 2006b;
Figueroa and MacKay, 2005).
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3.3 Interaction with organic matter and metal oxides
Organic matter is also an important component that influences the sorption of OTC to
soils. Mineral particles are generally coated with organic matter, becoming a first-line sur-
face to which sorption can occur (Figure 3.2) (Figueroa, 2012). OTC is typically released
into the environment through land application of liquid slurry or manure (biosolids). Or-
ganic matter contains acidic functional groups which may have pH-dependent ionization
and interact with a ionized OTC species. (Sithole and Guy, 1987a; Figueroa, 2012)
Biosolids are rich in organic matter, however the amount of acidic functional groups
is expected to be lower in comparison with natural soil organic matter (Riffaldi et al.,
1983; Figueroa, 2012). Riffaldi et al. evaluated the chemical composition of different
organic wastes and concluded that immature humic substances have more complex molec-
ular structures, lower degree of carbonization and acidic groups in comparison with natural
soil organic matter. Thus, sorption of OTC to mature soil organic matter is expected to be
greater than to fresh solid waste. Experimental results from Figueroa (2012) confirmed
this trend in behavior for OTC interaction with fresh and aged manure. Kd values of 72
and 1020 L/Kg were reported for fresh and aged solid manure, respectively, at similar pH
(5.5 and 5, respectively). Cation exchange has been suggested as the primary sorption
mechanism with humic substance, as a result sorption is directly affected by the quantity
of acidic functional groups in organic matter and not only the amount of organic matter
per se (OM%). Other mechanisms involved are cation bridging and hydrogen bonding
(Figueroa, 2012).
Studies on the interaction of OTC with metal oxides show increased sorption with in-
crease of pH to an apparent maximum at pH ∼ 8 (Figueroa and MacKay, 2005). Results
from the same study suggest the formation of surface complexes as the prevalent sorp-
tion mechanism. A Langmuir isotherm was fitted to geothite and hematite batch sorption
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Figure 3.2: OTC interactions with soil components (alluminosilicates, organic matter,
metal oxides. There is a fraction that is immediately bioavailable (A). The sequestered
fraction (B) can be slowly be release back into a solution or as easily extractable forms.
Besides the reversible equilibrium sorption (A) and sequestration process (B) there is a
fraction that may form non-extractable residues (C). Modified from Jechalke et al. (2014)
and MacKay and Vasudevan (2012).
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experiments over the concentration range tested at pH conditions of 5.5 .
3.4 Interaction with soils
Soils are complex systems which host a variety of physical, chemical and biological
processes. Soils typically are considered to include three components relevant to chem-
ical activity: alluminosilicates, organic matter and metal oxides and hydroxides. OTC
interaction with soil components has one or more key receptor sites (e.g. positive charge,
negative charge, polar domain, non-polar domain and surface bound Fe and Al) with a
corresponding sorption mechanism (Figure 3.2) (MacKay and Vasudevan, 2012).
Organic matter, alluminosilicates and metal oxides have been individually reported as
important contributors to OTC sorption. Several authors investigated the sorption of OTC
to soils and have contributed to the understanding of this phenomenon (Jones et al., 2005;
ter Laak et al., 2006b; Chu, 2011; Kong et al., 2012; Teixido et al., 2012; Gong et al.,
2012; Figueroa, 2012).
Multi-linear regressionKd models whose derivation is based on the physical and chem-
ical soil properties have been reported and are summarized in Table 3.1. The Jones et al.
(2005) model highlighted effective cation exchange capacity (ECEC) and free or crys-
talline Fe (DCB Fe) as probable predictor variables of Kd. Other authors reported cation
exchange capacity (CEC), organic carbon (OC), pH, texture (clay content) and free or
crystalline Al (DCB Al) also as probable predictor variables ofKd (ter Laak et al., 2006b;
Gong et al., 2012; Teixido et al., 2012). The models were reported with satisfactory esti-
mations (R2 > 0.7), except for Jones et al. (2005) (R2 = 0.24). Jones et al.’s (2005) model
uses ECEC which was measured at the natural soil pH, whereas batch sorption experi-
ments were conducted at pH 5.5. Thus, the prediction capability of the Kd model from
Jones et al. (2005) does not reflect the CEC of the soil samples at the experimental sorp-
tion pH because CEC is pH dependent. In addition, it is noteworthy to highlight that batch
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sorption experiments corresponding to the models summarized in Table 3.1, except that by
Jones et al. (2005), were conducted with electrolyte solutions of 10 mM CaCl2 (Table 3.2)
according to the standard protocol from Organization of Economic Co-operation and De-
velopment (OECD) guideline 106 for batch equilibrium sorption measurements (OECD,
2000).
Calcium presence in a soil solution can interfere with OTC sorption by competition
with OTC for cationic exchange sites or formation of OTC-Ca2+ complexes resulting in a
reduced sorption (Martin, 1979; Kulshrestha et al., 2004; ter Laak et al., 2006a; Essington
et al., 2010). The resulting degree of complexation at the experimental salt concentration
prescribed (10 mM CaCl2) is significantly higher than what would be found in pore water
of neutral soils (Rees et al., 1995; Orem et al., 1997; Sposito, 2008; Essington, 2015). ter
Laak et al. (2006a) observed approximately 60% and 54% degree of complexation at 10
mM CaCl2 for a loam and sandy loam soil, respectively, whereas, 24% and 18% were
observed for 1 mM CaCl2 and decreased sorption with increasing ionic strength (ter Laak
et al., 2006a; Figueroa and MacKay, 2005).
Organic matter presence in soil can increase and decrease OTC sorption. Batch sorp-
tion experiments with manure amended soils have shown significant enhanced sorption of
OTC to soils compared unamended controls (Li et al., 2010; Figueroa, 2012). For exam-
ple, increased organic carbon (OC) content in soil (16 g/kg, 32 g/kg and 50 g/kg) resulted
in increased sorption (Li et al., 2010). In contrast, dissolved organic matter (DOM) present
in soil increased and decreased OTC sorption, depending on the pH and amount of DOM
(Kulshrestha et al., 2004). High concentrations of DOM (10 mg/L) were reported to de-
crease sorption on clay, while low concentrations (1 mg/L) increased sorption. As DOM
concentration increases, the availability of receptor sites on the clay sorbent decreases
resulting in freely dissolved humic acids which may desorb OTC from clay-associated hu-
mic acids to form OTC-DOM complexes (Kulshrestha et al., 2004; Essington et al., 2010;
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Chen et al., 2015). This phenomenon suggests that high levels of DOM, as those found in
animal manure, may decrease OTC sorption to soil, hence increasing the mobility of OTC
(Kulshrestha et al., 2004).
Once spread on soil, OTC interacts with soil and is susceptible to transformations.
OTC is transformed due to photodegradation (Halling-Sørensen et al., 2002; Rose and
Pedersen, 2005) however poor light penetration in soil limits this degradation pathway
(Jechalke et al., 2014). Like other organic compounds, the sorption of OTC to soil is pri-
marily governed by a reversible equilibrium reaction (Figure 3.2A) and following a kinetic
sorption/desorption with a slow release rate (Figure 3.2B) which results in sorption hys-
teresis (Jechalke et al., 2014; Lee et al., 2014). It follows that bioavailability is reduced
with increasing contact time by secondary sorption reactions and mobilization into mi-
cro and nanopores. This phenomenon of sequestration, could reduce acute toxicity but
increase residence time of OTC in soil. Variability of concentrations (Aga et al., 2005)
and increases in concentration of Tetracyclines (Hamscher et al., 2002) without additional
antibiotic input have been reported suggesting persistence of TCs in soil over time (Aga
et al., 2005).
In addition to the reversible equilibrium sorption and sequestration, a fraction of OTC
may form non-extractable residues (Figure 3.2C) (Jechalke et al., 2014). Studies on re-
moval of extractable OTC showed high availability of non-extractable residues (0.1 mol/L
Na2EDTA-McIlvaine as extractant) (Bao and Zhou, 2015). Changes in the composition of
the soil (organic material, microbial population, pH or redox potential) (Hamscher et al.,
2002; Aga et al., 2005) may result in the release of OTC from soil over time.
3.5 Methodology
A multiple stepwise regression (MSR) to evaluate the relationship between sorption
coefficients (Kd - dependent variable) and the group of soil properties as potential pre-
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dictors (independent variables) was performed using JMP R© PRO. A backward stepwise
regression method was used to compare several regression models. Predicted values with
the highest p-value were removed one at a time. The stopping criteria for the removal of
provable predictors used for the model was that where all predictors had a strong statistical
significance in making predictions on Kd (p-value ≤ 0.01).
The Kds and soil properties used to generate the MSR model are those from Figueroa
et al. (2010) where the buffer solution PIPES was used as the electrolyte solution for the
batch sorption experiments to minimize potential complex formations. Another reason
to select the data reported by Figueroa et al. (2010) to generate the MSR model is that
the CEC was measured at the pH at which the sorption experiment was conducted. It is
important to highlight that CEC was measured using a direct method by saturating the
soil samples with MgCl2 and thereafter Mg2+ was displaced with BaNO3 (Figueroa et al.,
2010). Summation of exchangeable base cations is a common indirect method used for
estimating CEC. However, CEC estimates are lower in comparison with those obtain using
direct methods.
Predicted values were plotted against measured values together with the confidence in-
terval for the model. Pearson product-moment correlation analysis between soil properties
and sorption coefficient were conducted with two-tailed significance test using JMP. The
predictive ability of the resulting multi-linear regression model was tested with sorption
experimental data developed from equilibrium experiments using PIPES buffer solutions
and CaCl2 as the electrolyte solution.
3.6 Results and discussion
The influence of physical-chemical soil properties on OTC sorption was evaluated us-
ing the Peason correlation analysis method (Table 3.3). Results indicate that OM and
dithionite citrate bicarbonate (DCB) (Fe+Al) have a strong positive correlation with the
31
sorption coefficient (Kd). CEC exhibits a moderate positive correlation whereas clay con-
tent and pH exhibit weakly negative correlation values. MSR identified a three term model
(Equation 3.1) with the input of Clay (%), OM(%), CEC (cmolc/kg), pH and DCB (Al+Fe)
(mmol/kg) as provable predictors of Kd. CEC, OM% and DCB (Al+Fe) explain 95%
of the variation in Kd (Figure 3.3) and are in line with available understanding of soil
solid components, sorbent receptor sites and interaction mechanisms that influence sorp-
tion behavior of OTC in soil. Equation 3.1 was generated from Kds of batch sorption
experiments and soil properties of seven soil samples at three pH values (5.0, 7.0 and 8.5)
(Figueroa et al., 2010). The buffer solution (PIPES) selected for the batch sorption exper-
iment provided the conditions to prevent interference in OTC sorption. The absence of
Ca2+ prevents competition for cationic exchange sites and reduces OTC complex forma-
tion. Additionally, the CEC was measured at the pH of the sorption experiment. CEC was
measured using a direct method by saturating the soil samples with MgCl2 and thereafter
Mg2+ was displaced with BaNO3 (Figueroa et al., 2010).
Table 3.3: Correlation between soil properties and soprtion coefficient (Kd)
Clay OM CEC pH Al+Fe Kd
Clay 1.00 -0.03 0.49∗ -0.06 -0.08 -0.16
OM 1.00 0.60∗ 0.19 0.34∗ 0.60∗∗
CEC 1.00 0.49∗ 0.40 0.43∗
pH 1.00 0.05 0.03
Al+Fe 1.00 0.93∗∗
* Significant at α ≤ 0.05 ** Significant at α ≤ 0.01
Kd = −626.8− 28.0 CEC+ 277.7 OM+ 3.9 DCB (Fe+Al) (3.1)
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Figure 3.3: A) Estimation of OTC sorption coefficients using Equation 3.1. Solid line: 1:1
relationship; dark shaded area: confidence interval of the expected value; light shaded
areas: prediction interval of the expected value. Measured and reported values from
Figueroa et al. (2010) at pH ≈ 5.0 (•, blue), 7.0 (⋄, violet) and 8.5 (N, magenta).
The range of soil properties values covered by the model are presented in Figure 3.4
as box plots. Efforts to evaluate the applicability of the model (Equation 3.1) with other
soil data are currently limited due to the terms included as predictors in equation 3.1 or
the conditions at which the model is valid. For example, soil oxide content (DCB Fe and
Al) is not a soil property typically reported in sorption studies (Figueroa et al., 2010);
CEC corresponds to cation exchange capacity measured at the experimental condition pH;
the model was generated with data from batch sorption experiments conducted with the
PIPES buffer solution to minimize OTC-Ca2+ complex formation. Most Kds reported
in the literature are a result of equilibrium batch sorption experiments that use CaCl2 as
electrolyte solution (Table 3.2). Therefore, is expected that the Kd values reported from
these studies were affected by complexation with Ca2+.
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Efforts to evaluate the applicability of Equation 3.1 are presented in Figure 3.5. The
only available data of batch sorption experiments to test the applicability of equation 3.1
where a PIPES buffer solution was used (other than the ones used to generate the model)
were two soil samples (Orangeburg and Georgeville) from Figueroa and MacKay (2005).
Estimated sorption coefficients for both soils (Georgeville and Orangeburg) are within
the prediction interval. Despite CEC being reported at the natural soil pH (5.3 and 6.0,
respectively) and Kds being obtained from batch sorption experiments conducted at pH
5.5, the difference in pH and speciation distribution is not significant.
Another OTC sorption coefficient data set available with extensive characterization
of soil properties reported is that from Jones et al. (2005) (30 soils). Data from Jones
et al. (2005) could not be used to verify the predictability of equation 3.1 due to reported
CEC values at conditions other than that of the experiment. Jones et al. (2005) measured
CEC at natural soil pH (pHw) which ranged from 3.2 to 7.5 by using an indirect method
Figure 3.4: Range of soil properties reported for soil samples used to generate Equation
3.1 (Box plot) and compared to soil properties from ter Laak et al. (red •), Chu (yellow
⋄) and Gong et al. (green N). Soil properties of soil samples #65, #66, #76, #116, #120
and #121 are considered outliers because pH or Al+Fe values are significantly outside the
range of soil properties used to generate the model.
34
Figure 3.5: Actual and Predicted sorption coefficients for soil samples Orangeburg (O)
and Georgeville (G) from Figueroa and MacKay (2005). Solid line: 1:1 relationship; light
shaded area: prediction interval of the expected value using Equation 3.1.
(summation of exchangeable cation ), whereas batch sorption experiments were conducted
at pH 5.5 with MES buffer solution. Differences in experimental pH conditions and those
at which CEC was measured may result in either under- and over-estimation of CEC. For
example, experimental conditions with pH>pHw can result in an under-estimation of CEC,
while experimental conditions with pH<pHw can result in an over-estimation of CEC.
The soil samples that Figueroa et al. (2010) used for batch sorption experiments are
a subset of soil samples used by Jones et al. (2005). Comparison of the same soil Kds at
pH 5.0 (Figueroa and MacKay, 2005) and 5.5 (Jones et al., 2005) are presented in Figure
3.6. Buffer solutions used were PIPES and MES, respectively. Even though experimental
conditions are similar (pH range and use of buffer solution), there are significant differ-
ences in the Kds reported. The Kd values generated by Jones et al. (2005) are between
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2 to 18 times higher (Heide and Goldsboro, respectively) than the Kd values reported by
Figueroa et al. (2010), except for the Adams soil which is lower. The difference in these
results highlight the importance or sensitivity of the Kd determination process associated
with the experimental conditions. In a similar way, the experimental conditions and ranges
of parameters introduced in equation 3.1 should be kept within those covered by the data
used to develop equation 3.1.
Figure 3.6: Comparison of measured sorption coefficients on the same 7 soil samples
under similar experimental conditions. Kds from Figueroa et al. (2010) (•) and Jones et al.
(2005) (N).
Additional efforts to assess the applicability of equation 3.1 for studies that used CaCl2
are presented in Figure 3.7. Kd estimates with soils properties reported by ter Laak et al.
(2006b), Chu (2011) and Gong et al. (2012) were plotted against measured Kds from batch
sorption experiments conducted with CaCl2 as electrolyte solution. Experimental condi-
tions and quantification techniques of the studies are summarized in Table 3.2. About
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60% of the predicted sorption coefficients are within the prediction interval. The other
40% of the predicted sorption coefficients are above the 1:1 relationship line suggesting
under-prediction values. Given the electrolyte solution used in these experiments, calcium
complexation is expected to occur, therefore lower Kd values. In addition, soil samples
from Chu (2011) and Gong et al. (2012) were analyzed with HPLC-UV. OTC quatification
with HPLC-UV has been reported to be impacted by complex formations with metals of
varying valency (Buckley, 1985; Figueroa and MacKay, 2005). These results suggest the
importance of the analytical methods used for the quantification of OTC sorption coeffi-
cients (Wegst-Uhrich et al., 2014) and resulting estimated model parameters.
Figure 3.7: Actual and estimated Kd for data from ter Laak et al. (2006b) (red •), Chu
(2011) (yellow ⋄) and Gong et al. (2012) (green N). Soil properties of soil samples #65,
#66, #76, #116, #120 and #121 are considered outliers because pH or Al+Fe values are
significantly outside the range of soil properties used to generate the model as shown in
Figure 3.4.
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3.7 Summary
OTC sorbs strongly to the components of soils (aluminosilicates, metal oxides and
OM) through multiple interaction mechanisms. The determination of Kd values from
batch sorption experiment is highly influenced by several features, such as such as the
electrolyte solution and the analytical method for quantification of sorbed mass.
A model to predict Kd values was developed based on physical and chemical soil
properties. Out of five soil properties considered, OM%, CEC and DCB (Al+Fe) were
highly correlated with Kd and were identified as provable predictors of Kd in the MSR
analysis and explained about 95% of the variation.
The model (equation 3.1) is valid for the ranges of the predictor variables presented
in Figure 3.4. Also, no complexation effect is considered in the model, as the data to
develop equation 3.1 is from batch sorption experiments that used PIPES buffer solution.
The presence of multivalent cations interfere with true Kd estimations due to competition
of sorption sites and complexation. Therefore, using the model to estimate sorption under
such conditions (multivalent cation presence), underestimation ofKds is expected.
Currently, limited data of Kds and soil properties are available under the conditions
above described. More data is needed for further testing the applicability of the developed
model.
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4. FUNDAMENTALS OF TRANSPORT AND SORPTION MODELING IN
POROUS MEDIA
During the past century, thousands of anthropogenic substances of human origin have
been found to be environmental contaminants, either by intentional application (applied
to land during agricultural practices) or unintentionally released (leakage from indus-
trial or municipal waste sites). Some of these chemicals pose a significant risk to human
health when the food chain and/or surface and subsurface water supplies are compromised
(Šimu˚nek and van Genuchten, 2007).
Modern agriculture utilizes an unprecedented number of chemicals for plant and ani-
mal production, such as, fertilizers, pesticides, hormones and antibiotics. These chemicals
can undergo physical, chemical and biological transformations that directly impact and
control their fate in the environment and alter natural processes in soil, surface water and
groundwater. Sorption is believed to be the main mechanism that influences the environ-
mental fate of organic chemicals into the groundwater and soil matrix (Altfelder et al.,
2001; Magga et al., 2012). For example, some organic contaminants are degraded in the
soil within a certain time. In contrast, others degrade slowly or are strongly sorbed onto
and within the soil particles and are generally considered not bioavailable. However, sev-
eral studies report an "apparent availability" in which desorption is not a prerequisite for
biodegradation of the soil-sorbed organic contaminant (Park et al., 2003)..
Persistence of contaminants in soils increases the potential for environmental conse-
quences. To assess the potential impact of natural and/or human induced stresses, under-
standing and predicting contaminant transport processes is essential. Thus, contaminant
transport simulations support the development of best management practices (BMPs) to
minimize of amend the environmental impact on ground, surface and groundwater of nu-
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trients and pesticides from agricultural practices. Most BMPs attempt to optimize the
handling, timing and land surface application of fertilizers in order to optimize the crop,
nutrient uptake efficiency and reduce leaching of nutrients which all turns into economic
benefits and contributes to human well being.
Since the 1960’s several models have been developed to quantitatively describe the
movement or transport of inorganic and organic contaminants through porous media. The
Advection-Dispersion Equation (ADE) is the most used approach to describe solute trans-
port in porous media and was developed on the basis of solute transport experiments in soil
columns inside a laboratory (Bronswijk et al., 1995). This solute transport model is based
on assumptions of homogeneous porous medium, inter-phase mass transfer process (e.g.
sorption, liquid-liquid partitioning or volatilization) and transformation reactions that are
linear and essentially instantaneous. Solute transport that follows these behaviors is con-
sidered to be ideal (Figure 4.1) (Brusseau, 1998; Konikow, 2011). Unfortunately, at the
field scale, it is not realistic to expect such ideal behavior and controlled conditions (Feyen
et al., 1998; Zhou, 2002; Šimu˚nek, 2005). The reasons for this include spatial variability of
the soil properties and preferential flow at the field scale, among others (Bronswijk et al.,
1995). Figure 4.1 shows a comparison of the classic ADE (ideal transport, dashed lines)
and the nonequilibrium models (nonideal transport, solid lines) for nonreactive (blue lines,
no sorption) and reactive (red lines, sorption) solutes.
Water flow and solute transport in heterogeneous porous media can present physical
heterogeneity, caused by the various shapes and particle size distribution and chemical
heterogeneity caused by the nonuniform composition of the soil matrix (Ma and Selim,
1998). These nonuniformities cause nonequilibrium processes on the soil which are dif-
ficult to quantify (Leij and Toride, 1998) and can be grouped into two general categories:
transport related (physical nonequilibrium) and sorption related (chemical nonequilib-
rium) (Brusseau et al., 1989).
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Figure 4.1: Break-through curves for ideal and non ideal transport. Figures a) and b) shows
the effluent curve for a step input and c) and d) for a Pulse. Modified from (Brusseau, 1998)
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Physical nonequilibrium models are based on the assumption of a mobile and an im-
mobile region in the soil matrix. Chemical nonequilibrium models are based on two or
more types of sorption sites where each site is subject to a different mass-rate transfer. For
many transport simulations, the physical and chemical transport parameters are commonly
assumed constant along the soil profile to facilitate the derivation of an analytical solution
(Leij and van Genuchten, 1995). For this same reason, mass transfer processes are as-
sumed to be linear. While analytical solutions are available for relatively simple problems,
one must rely on numerical methods to compute an approximate solution when the prob-
lem are complicated by factors such as, irregular geometry of the problem, heterogeneous
soil properties and nonlinear equations (Bear and Verruijt, 1987; Logan, 2001).
Two of the earliest models that account for some degree of heterogeneity in the soil
matrix are the dual-porosity model developed by Coats and Smith (1964) and the two-
site surface adsorption model developed by Selim et al. (1976). Selim et al. (1977) and
Barry and Parker (1987) proposed chemical and physical nonequilibrium models for mul-
tilayered soils, respectively. The prediction of solute transport was significantly improved
by the inclusion of the nonequilibrium concept in the transport equation (accounting for
heterogeneities) (Selim and Ma, 1998; Zhou, 2002; Stagnitti et al., 2003) even when the
physical and chemical transport parameters are considered constant. An illustration of the
applicability of the nonequilibrium models is shown in Figure 4.2. The examples consider
the movement of a tracer (3H2O) and a herbicide (2,4,5-T) through a Glendale clay loam at
low and high flow velocities. Both, the ADE and the Nonequilibrium models (NE) models
were fitted to data presented by van Genuchten et al. (1977a,b). Figure 4.2 shows the fit
of the data for all the examples which improves significantly using the non-equilibrium
models in contrast to the classic ADE.
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Figure 4.2: Measured and fitted BTC for a tracer (3H2O) and a herbicide (2,4,5-T). The
dashed blue lines represents the best fit of the ADE in all figures. Figures a) and b) were
fitted with the Two-site Nonequilibrium model (solid red lines) and figures c) and d) were
fitted with the Two-region Nonequilibrium model (solid red line). Figures a) and d) repre-
sent columns with low flow velocity, 4.59 cm/day and 5.54 cm/day, respectively. Figures
b) and c) represent columns with high flow velocity, 16.8 cm/day and 33.9 cm/day, re-
spectively. Data for figures a) and b) was presented by van Genuchten et al. (1977b),
experiments 2-4 and 4-1, respectively. Data for figures c) and d) was presented by van
Genuchten et al. (1977a), experiments 5-1 and 5-4, respectively.
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Even though the physical and chemical transport parameters are considered constant,
the prediction of water flow and solute transport can be significantly improved by the
inclusion of the nonequilibrium concept in the transport equation (to account for hetero-
geneities) (Selim and Ma, 1998; Zhou, 2002; Stagnitti et al., 2003).
4.1 Transport of non-reactive solutes
In nature, transport takes place through the combination of dispersion and advection.
The concentration distribution behavior of the solute transport in porous media is described
by the partial differential equation (PDE) known as the advection-dispersion equation
(ADE) (equation 4.1). The one-dimensional ADE for solute transport into a homogeneous
porous medium for nonreactive solutes is derived on the principle of mass conservation as
follows (Huang et al., 1995; Leij and van Genuchten, 2000; Zhou, 2002):
∂θc
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(4.1)
where
c = solute concentration expressed as mass-per-solvent volume (mg/L)
θ = volumetric water content (cm3/cm3)
D = dispersion coefficient (cm2/hr)
t = time (hr)
q = θv = volumetric flow (cm/hr)
v = average pore-water velocity (cm/hr)
x = distance (cm)
The term on the left-hand side
(
∂θc
∂t
)
represents the rate of change (net gain or loss
of mass) per unit volume and time (Kuzmin, 2010). The first term on the right-hand
side
(
∂
∂x
(
θD ∂c
∂x
))
of equation 4.1 represents the dispersive transport (which includes both
molecular diffusion and mechanical dispersion (Konikow, 2011)) and the second term
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(
q ∂c
∂x
)
represents the advective transport. A usual assumption to simplify analysis, is to
consider the volumetric water content (θ), the volumetric flux (q) and the dispersion co-
efficient (D) as constants in time and space. Thus, the ADE may be simplified to (van
Genuchten and Alves, 1982; Leij and van Genuchten, 2000):
∂c
∂t
= D
∂2c
∂x2
− v ∂c
∂x
(4.2)
When the soil water system is changing over time, equation 4.1 must be solved simul-
taneously with the Richards equation in its mixed-form (Huang et al., 1998) (equation 4.2)
for water flow in a varibly-saturated porous medium (Jury et al., 1991; Jury and Flühler,
1992; Huang et al., 1998)
∂θ
∂t
=
∂
∂x
[
K(h)
(
∂h
∂x
− 1
)]
(4.3a)
=
∂
∂x
K(h)
∂h
∂x
− ∂K(h)
∂x
(4.3b)
where
h = pressure head or matric potential (cm)
K(h) = unsaturated hydraulic conductivity (cm/hr)
The Richards equation describes the movement of water in unsaturated soil. Equation
4.3 is a nonlinear PDE and does not have a closed-form analytical solution except for a
limited number of cases involving homogeneous soils (Šimu˚nek, 2005). The term inside
the square brackets on the right-hand side of equation 4.3a
(
K(h)
(
∂h
∂x
+ 1
))
represents
the Darcian fluid flux density. Mathematically, equation 4.3b has the characteristics of the
ADE (equation 4.1). Comparing both equations shows a dispersive term associated with
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hydraulic conduction and an advective term associated with gravitational flow (Huang
et al., 1998).
4.2 Transport of reactive solutes
The ADE (equation 4.1) has been relatively successful in describing the transport of
nonreactive chemicals as a function of depth in a homogeneous soil profile which produces
a nearly symmetrical concentration distribution (Coats and Smith, 1964; van Genuchten
and Wierenga, 1976; Jury and Flühler, 1992; Singh et al., 1996). However, it has been less
accurate in describing the transport process of reactive solutes (Singh et al., 1996), partic-
ularly organic chemicals, which tend to a strong asymmetrical distribution (van Genuchten
and Wierenga, 1976), and a tailing effect.
To improve the mobility prediction of organic solutes, the ADE has been subject to
several modifications, such as, inclusion of linear (Figure 4.3) (Davidson and Chang, 1972;
Davidson and McDougal, 1973) and nonlinear (Swanson and Dutt, 1973; van Genuchten
et al., 1974) adsorption isotherms and first-order type non-equilibrium rate expressions
(Singh et al., 1996).
Figure 4.3 shows the results of the ADE considering a linear adsorption isotherm. By
analyzing figure 4.3a we see that the solute concentration distribution at a particular time
is delayed and reduced as the value of the retardation factor (R, see section 4.6) increases.
Figure 4.3b shows that the solute concentration distribution takes longer time to reach a
particular depth of the soil column as R increases and also the total concentration in the
solute has decreased because a fraction of it has been sorbed.
Several models have attributed this asymmetry and tailing effect of the break-through
curves to either physical or chemical nonequilibrium processes (Gamerdinger et al., 1990)
such as, the Two-Region and Two-Site Nonequilibrium models which are discussed later
on sections 4.7.1.1 and 4.7.2.1, respectively. The cause of the long tailing effect still
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Figure 4.3: Effluent curves of the classic ADE considering linear sorption (R = 1+ ρbKd
θ
)
.
Figure a) shows concentration distributions vs relative depth (x/L) evaluated at a same
time. Comparing the three effluent curves at the same depth, shorter distance is traveled as
R increases. Figure b) shows concentration distributions vs pore volume (vt/L) evaluated
at the same depth or distance. As R increases, it takes longer time for the effluent curve
to travel the same distance or depth. Also, the solute concentration in the liquid phase is
reduced because a fraction of it has been sorbed onto the soil particles.
remains an area of active research (Li, 2004; Field and Leij, 2014).
To describe the transport of reactive solute in a porous medium, an additional term
must be added to the left-hand side of the general ADE (equation 4.2) to account for the
interaction between the reactive solute and the medium (∂s
∂t
) (van Genuchten andWierenga,
1976; Ladha, 1999). The added term (∂s
∂t
) represents the mass exchange between the por-
tion of the transport volume where water is flowing and other portions where mass may be
stored (Jury and Flühler, 1992). The influence of sorption on reactive solute transport is of
particular importance because it may slow the transport process thereby allowing greater
time for microbial interaction and chemical transformations (Huang et al., 1998). The
ADE can be modified to considering sorption is given by:
∂θc
∂t
+ ρb
∂s
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(4.4)
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where
s = sorbed concentration expressed as sorbed mass-per-soil mass (mg/Kg)
ρb = bulk density (g/cm3 or Kg/L)
Equation 4.4 presents two dependent variables: the solute concentration (c) and the
adsorbed concentration (s). Therefore, the solution of equation 4.4 requires an expression
which relates both variables (van Genuchten and Wierenga, 1976; Huang et al., 1998). A
general expression to describe the adsorption isotherm is given by:
s = f(c) (4.5)
where f(c) is an arbitrary function (Huang et al., 1998), such as a linear, nonlinear, first-
order isotherm. The selection of the appropriate isotherm to describe f(c) and the determi-
nation of the coefficients that define the isotherm should be based on the thermodynamics
of the components interacting with a particular soil under consideration (Bear and Verruijt,
1987).
4.3 Equilibrium sorption models - solute retention mechanism
A plot of the concentration in the liquid phase versus the sorbed concentration from
an experiment, is known as an adsorption isotherm (Jury and Flühler, 1992; Zheng and
Bennett, 2002b). When equilibrium between the adsorbed and solution concentration is
assumed to be reached in the experiment, the slope (ds
dc
) of the plot is determined. The
Linear and Freundlich isotherms are the two most common mathematical expressions for
equation 4.5 that relate adsorption isotherm and are considered in this study. The temporal
change in sorbed concentration (∂s
∂t
) seen in equation 4.4 can be represented in terms of
the solute concentration (∂c
∂t
) by using the chain of rule (Goode and Konikow, 1989) as
presented in equations 4.6a and 4.6b:
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∂s
∂t
=
ds
dc
· ∂c
∂t
(4.6a)
∂s
∂t
=
df(c)
dc
· ∂c
∂t
=
∂f(c)
∂t
(4.6b)
4.3.1 Linear isotherm
The simplest and most widely used sorption isotherm is the linear equation, given by:
s = Kd · c (4.7)
where
Kd = distribution coefficient (cm3/g or L/Kg)
According to equation 4.7, the linear sorption isotherm considers that the sorbed con-
centration is directly proportional to the solute concentration in the pore fluid. Thus, the
slope (∂s
∂c
) is simply the equilibrium distribution coefficients Kd. This process is assumed
to be instantaneous and reversible (Goode and Konikow, 1989). To estimate the temporal
change in sorbed concentration shown in equation 4.4 one can differentiate equation 4.7
and apply the chain of rule (equation 4.6) which produces the following expression; based
on previously defined variables:
∂s
∂t
=
∂s
∂c
· ∂c
∂t
= Kd
∂c
∂t
(4.8)
4.3.2 Freundlich isotherm
Another widely used equation to describe the relationship between the concentration
of a solute in the adsorbed and dissolved phase is the Freundlich isotherm and can be
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described by a relationship of the form :
s = Kf · cN (4.9)
where
Kf = Freundlich distribution coefficient (mg LN/Kg mgN )
N = dimensionless coefficient
The variable Kf and the Freundlich exponent N are constant values which need to be
determined in laboratory experiments for each contaminant in each porous medium. Kf
is an indicator of the adsorption capacity. The Freundlich exponent N is a measure of the
intensity of the adsorption and is generally less than unity (Jury and Flühler, 1992). The
Freundlich isotherm is used when the adsorption isotherm behavior deviates from linearity
(Jury and Flühler, 1992).
Note that when the Freundlich exponent equals unity (N = 1), the Freundlich equation
becomes linear, and the paramenterKf reduces to the solid-liquid phase partitioning coef-
ficientKd (Huang et al., 1997). Thus, the linear isotherm is a special case of the Freundlich
isothem. One consequence of the nonlinear sorption (N ̸= 1) is that the solute transport
process in the soil matrix becomes dependent on the concentration and so the shape of the
effluent concentration curve is strongly influenced by the variation of the effective solute
velocity (v/R) with concentration (Spurlock et al., 1995; Serrano, 2001), where R is the
retardation factor.
The effect from the nonlinear behavior of the Freundlich isotherm (equation 4.9) over
the transport process in comparison to the linear isotherm (equation 4.7) are: (1) it makes
the travel time of the pulse concentration dependent and (2) it reshapes the symmetry of
the effluent concentration distribution (Jury and Flühler, 1992).
To estimate the temporal change in sorbed concentration shown in equation 4.4 one
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can differentiate equation 4.9 and apply the chain of rule (equation 4.6) which gives the
following equation:
∂s
∂t
=
ds
dc
· ∂c
∂t
= KfNc
N−1∂c
∂t
(4.10)
4.4 Nonequilibrium sorption models
The use of equilibrium adsorption models is based on the assumption that equilibrium
between the soil matrix and the reactive solute is so rapid that it is considered practically
instantaneous. However, for some chemicals this is not the case. The use of a rate-limited
(kinetic) model seems to be more appropriate to describe the sorption-desorption relation-
ship (Travis, 1978). The rationale of this assumption is that the rate of sorption is slow
compared to the rate at which the solute moves through the soil matrix (van Genuchten
and Wierenga, 1976). A first order kinetic model considering linear (equation 4.11a) and
nonlinear (equation 4.11b) isotherm may be written as:
∂s
∂t
= α[Kdc− s] (4.11a)
∂s
∂t
= α[Kfc
N − s] (4.11b)
where
α = first order mass transfer coefficient governing the rate of solute exchange between
the sorbed and liquid regions; first order kinetic adsorption rate coefficient (1/hr)
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This first order reaction rate was first incorporated into the ADE by Lapidus and
Amundson (1952). Figure 4.1 shows the results of the classic ADE considering equi-
librium and nonequilibrium processes. Comparing the plots on figures 4.1a and 4.1b for a
step input and 4.1c and 4.1d for a pulse type input an early, high peak and an increased tail
can be observed, which are characteristic features often attributed to nonequilibrium mass
exchange between regions (Leij and Toride, 1998; Kamra et al., 2001).
4.5 Equilibrium transport
The sorption equilibrium relationship (∂s
∂t
, equation 4.6b) can be substituted into the
governing equation 4.4 allowing the transport equation to be expressed in term of one
dependent variable, the solute concentration (c) (van Genuchten et al., 1974; Goode and
Konikow, 1989) which results in:
∂θc
∂t
+ ρb
∂f(c)
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(4.12)
The second term on the left hand side
(
ρb
∂f(c)
∂t
)
represents the adsorbed concentration
of a generic form where f(c) can take the form of any isotherm. This equation is valid re-
gardless of how the sorption process is assumed, for example, as an equilibrium or kinetic
process (Spurlock et al., 1995). Factoring out the term (1 + ρb
θ
df(c)
dc
) gives:
∂θRc
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(4.13)
where R is retardation factor and is defined by:
R = 1 +
ρb
θ
df(c)
dc
(4.14)
The resulting expression (equation 4.13) is solved for the solute concentration (c) and
the sorbed concentration is computed by using the equilibrium relationship (equation 4.7
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or 4.9) (Goode and Konikow, 1989).
4.6 Retardation factor
The retardation factor (R) was first defined by Hashimoto et al. (1964). Utilizing
the traditional linear equilibrium sorption isotherm (equation 4.7), the general form of R
(equation 4.14) is given by:
R = 1 +
ρb
θ
Kd (4.15)
The use of the Freundlich isotherm does not yield an equivalent retardation factor
as presented in equation 4.15 (Selim, 2015). Thus, utilizing the nonlinear equilibrium
controlled-sorption isotherm (equation 4.9), the nonlinear form of the retardation factor is
given by:
R = 1 +
ρb
θ
NKfc
N−1 (4.16)
4.7 Non-equilibrium transport
4.7.1 Physical nonequilibrium
Regarding physical nonequilibrium, water flow and solute transport are significantly
influenced by the ocurrence of micro-heterogeneity (macropores and structured elements)
or/and macro-heterogeneity (spatial variability of soil properties). Micro- and macro-
heterogeneities have distinct effects on the water flow and solute transport precess (Feyen
et al., 1998).
Preferential flow, which happens mainly by advection (Leij and Toride, 1998), often
occurs due to the presence of macropores and accelerates the passage of solute, contam-
inants, nutrients and microbes through soil (Stagnitti et al., 2003). On the other hand,
there are micropores with little or no flow in which solute movement occurs mainly by
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diffusion (Leij and Toride, 1998). Thus, in heterogeneous soil, the transport of solutes are
expected to go faster and deeper compared to homogeneous soils (Sposito and Reginato,
1992; Zhou, 2002) however, will be retarded by the nonequilibrium exchange between
macro (mobile) and micro (immobile) pores (Leij and Toride, 1998; Parlange et al., 1999).
The solute break-through for such heterogeneous soil will show an early, high peak and a
long tail (Leij and Toride, 1998).
Several transport models have been proposed that assume the presence of two distinct
soil water regions: mobile and immobile. Differences between the models are based on
assumptions about the location and form of the immobile water region. However, due to
the uncertainty on its heterogeneity (e.g. the composition of the soil regarding size and
shape), a more practical approach has been to assume a solute transfer process between
the mobile (flowing) and immobile (stagnant) water regions (Nkedi-Kizza, 1983). The
transport process in the mobile region is described by the ADE and the solute transfer
between the mobile and immobile regions is described as a simple first-order rate process
(Nkedi-Kizza, 1983; Leij and Bradford, 2009).
4.7.1.1 Two-Region Nonequilibrium Linear Transport Model
The Two-Region Transport Model is a physical nonequilibrium model formulated to
describe the movement of a chemical through an unsaturated, sorbing porous medium (van
Genuchten and Wierenga, 1976). The Two-region Model assumes: (1) the solute transport
in the mobile solute phase occurs by advection and disperion, (2) solute exchange between
the mobile and immobile liquid region occurs by first-order diffusion (always from the
region of higher concentration to the region of lower concentration) (Bear and Verruijt,
1987), (3) the solid phase region can be partitioned into a fraction fr that equilibrates
instantaneously with the mobile liquid region and a fraction (1 − fr) that equilibrates
with the immobile liquid region (Coats and Smith, 1964; van Genuchten and Wierenga,
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Figure 4.4: Schematic diagram of the Two-region Transport Model with degradation. The
mobile liquid region is associated with the larger conducting pore and the immobile liquid
region does not contribute to water flow. Similarly, the solid partitioned in two, a fraction
fr and another fraction (1 − fr) which equilibrate instantaneously with the mobile and
immobile liquid region, respectively. Figure modified from van Genuchten and Wagenet
(1989).
1976; Leij and Toride, 1998). Figure 4.4 presents a schematic diagram of the Two-Region
Transport Model considering degradation in both regions (mobile and immobile) of the
liquid and sorbed phase. This is because the decay rates inside and on the edge of the soil
particles can be considerably different due to varying oxygen and/or microbial activity.
The mass balance for the mobile liquid region (cm), denoted by the subscript m, con-
sidering degradation may be stated as follows:
∂θmcm
∂t
=
∂
∂x
(
θmDm
∂cm
∂x
− qcm
)
− Ja1 − Ja2 − θmµLmcm (4.17)
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where
q = volumetric flow (cm/hr) (vmθm)
Ja1 = transfer rate from liquid to solid of the mobile region (mg/L hr)
Ja2 = transfer rate from mobile to immobile liquid region (mg/L hr)
µLm = mobile liquid phase degradation coefficient (1/hr)
The mass balance for the mobile sorbed concentration (sm) may be stated as follows:
frρb
∂sm
∂t
= Ja1 − frρbµsmsm (4.18)
where
fr = fraction of the solid phase that equilibrates instantaneously with
the mobile liquid
µsm = mobile sorbed phase degradation coefficient (1/hr)
The transport equation for the mobile region as a whole can be obtained by adding
equations 4.17 and 4.18, which gives the following expression:
∂θmcm
∂t
+ frρb
∂sm
∂t
=
∂
∂x
(
θmDm
∂cm
∂x
− qcm
)
− frρbµsmsm − Ja2 − θmµLmcm (4.19)
Similarly, the mass balance for the immobile liquid region (without the convection-
dispersion terms) and the immobile solid region is represented, respectively, by the ex-
pressions:
∂θimcim
∂t
= Ja2 − Ja3 − θimµLimcim (4.20)
(1− fr)ρb∂sim
∂t
= Ja3 − (1− fr)ρbµsimsim (4.21)
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where
(1− fr) = fraction of the solid phase that equilibrates instantaneously with
the immobile liquid
µLim = immobile liquid phase degradation coefficient (1/hr)
µSim = immobile sorbed phase degradation coefficient (1/hr)
The transport equation for the immobile region as a whole can be obtained by adding
equations 4.20 and 4.21, which gives the following expression:
∂θimcim
∂t
+ (1− fr)ρb∂sim
∂t
= Ja2 − θimµLimcim − (1− fr)ρbµsimsim (4.22)
The subscripts m and im refer to the mobile and immobile liquid phase, respectively.
The parameter fr characterizes the fraction of sorption sites which are in direct contact
with the mobile fluid (equilibrates instantaneously with the mobile fluid). The other frac-
tion, (1 − fr), can be defined as the fraction of sorption sites in contact with the immo-
bile fluid which equilibrates instantaneously with the immobile fluid (van Genuchten and
Wierenga, 1976; van Genuchten, 1981; van Genuchten and Wagenet, 1989). The mass
transfer process between the two liquid regions is governed by diffusion. Adsorption is
assumed to take place from the immobile liquid region to the immobile solid region of the
porous media.
By using the first-order kinetic exchange between the mobile and immobile liquid
regions, analogous to equation 4.11, Ja2 can be approximated by:
Ja2 = α(cm − cim) (4.23)
where
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α = first order mass transfer coefficient governing the rate of solute exchange
between the mobile and immobile liquid regions; first order mass transfer
rate coefficient (1/hr)
Sorption inside and at the edge areas of the aggregate can be described with a linear
isotherm (equation 4.7), respectively:
sm = Kdcm (4.24)
sim = Kdcim (4.25)
By substituing equations 4.23, 4.24 and 4.25 in equations 4.19 and 4.22 the expressions
for the Two-Region Nonequilibrium Linear Model with degradation are given by:
∂θmcm
∂t
+ frρbKd
∂cm
∂t
=
∂
∂x
(
θmDm
∂cm
∂x
− qcm
)
− α(cm − cim)
−θmµLmcm − frρbKdµsmcm (4.26)
∂θimcim
∂t
+ (1− fr)ρbKd∂cim
∂t
= α(cm − cim)
−θimµLimcim − (1− fr)ρbKdµsimcim (4.27)
And can be simplified into:
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∂(θm + frρbKd)cm
∂t
=
∂
∂x
(
θmDm
∂cm
∂x
− qcm
)
− α(cm − cim)
−(θmµLm + frρbKdµsm)cm (4.28)
∂(θim + (1− fr)ρbKd)cim
∂t
= α(cm − cim)
−(θimµLim + (1− fr)ρbKdµsim)cim (4.29)
Assuming a steady-state flow in a uniform soil (D, θm, θim, fr, ρb and q are constants),
equations 4.28 and 4.29 simplify to:
(
1 +
frρbKd
θm
)
∂cm
∂t
= Dm
∂2cm
∂x2
− vm∂cm
∂x
− α
θm
(cm − cim)−
(
µLm +
frρbKdµsm
θm
)
cm (4.30)
(
1 +
(1− fr)ρbKd
θim
)
∂cim
∂t
=
α
θim
(cm−cim)−
(
µLim +
(1− fr)ρbKdµsim
θim
)
cim (4.31)
4.7.1.2 Two-Region Nonequilibrium Nonlinear transport model
The Two-region Nonequilibrium Model modified to consider the nonlinear Freundlich
isotherm (equation 4.9) to describe the solute retention mechanism can be derived in a
similar manner as the linear model presented in section 4.7.1.1 (Spurlock et al., 1995).
Sorption inside and at the edge areas of the aggregate can be described with a nonlinear
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isotherm (equation 4.7), respectively:
sm = Kfc
N
m (4.32)
sim = Kfc
N
im (4.33)
By substituing equations 4.23, 4.32 and 4.33 in equations 4.19 and 4.22 the expressions
for the modified Two-Region Nonequilibrium Nonlinear Model with degradation are given
by:
∂θmcm
∂t
+ frρb
∂Kfc
N
m
∂t
=
∂
∂x
(
θmDm
∂cm
∂x
− qcm
)
− frρbµsmKfcNm
− α(cm − cim)− θmµLmcm (4.34)
∂θimcim
∂t
+ (1− fr)ρb∂Kfc
N
im
∂t
= α(cm − cim)− θimµLimcim
− (1− fr)ρbµsimKfcNim (4.35)
Assuming a steady-state flow in a uniform soil (D, θm, θim, f, ρb and q are constants),
equations 4.34 and 4.35 simplify to:
(
1 +
frρbKfc
N−1
m
θm
)
∂cm
∂t
= Dm
∂2cm
∂x2
− vm∂cm
∂x
− frρbKfµsm
θm
cNm
− α
θm
(cm − cim)− µLmcm (4.36)
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(
1 +
(1− fr)ρbKfcN−1im
θim
)
∂cim
∂t
=
α
θim
(cm − cim)− µLimcim
−
(
(1− fr)ρbKfµsim
θim
)
cNim (4.37)
4.7.2 Chemical nonequilibrium
Chemical nonequilibrium usually results when the sorption of mass transfer rates be-
tween the solute and the specific sorption sites of the sorbent are different. The sorption
sites are commonly referred to as Type-1 and Type-2 sorption, distinguished by the solute
mass exchange either instantaneous (equilibrium) or time dependent (kinetic), respectively
(Brusseau et al., 1989; Toride et al., 1993; Leij and Toride, 1998) .
4.7.2.1 Two-Site Nonequilibrium Linear Transport Model
The Two-Site Transport Model is a chemical nonequilibrium formulated to describe
the differences in exchange sites with equilibrium and nonequilibrium (kinetic) sorption
(Leij and Toride, 1998). The basic idea for the Two-Site Model is that the different solid
phases of the soil (constitued by soil minerals, organic matter, aluminum and iron oxides)
react at different rates and different intensities with the chemical (van Genuchten, 1981).
The Two-Site Model assumes that the sorption sites can be divided into two fractions: 1)
exchange sites that are at equilibrium (Type-1) 2) exchange sites that are time dependent
(kinetic). Figure 4.5 presents a schematic diagram of the Two-Site Transport Model con-
sidering degradation in all phases, the liquid (µL) region and the phases of the soil with
instantaneous (µs1) and kinetic (µs2) sorption.
The mass balance for the liquid region (c) may be stated as follows:
∂θc
∂t
=
∂
∂x
(
θD
∂c
∂x
− qc
)
− Ja − θµLc (4.38)
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Figure 4.5: Schematic diagram of the Two-site Transport Model with degradation (modi-
fied from van Genuchten and Wagenet (1989)).
where
Ja = transfer rate from solution to sorbed phase due to sorption (mg/L hr)
Ja1 = transfer rate from solution to Type-1 exchange sites (mg/L hr)
Ja2 = transfer rate from solution to Type-2 exchange sites (mg/L hr)
µL = decay rate in the liquid region (1/hr)
The subscripts 1 and 2 denote the Type-1 and Type-2 exchange sites, respectively.
The mass balance for the instantaneous (Type-1, equation 4.39) and kinetic (Type-2,
equation 4.40) exchange sites may be stated as follows, respectively:
ρb
∂s1
∂t
= Ja1 − µs1ρbs1 (4.39)
ρb
∂s2
∂t
= Ja2 − µs2ρbs2 (4.40)
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where
µS1 = decay rate in the Type-1 exchange sites (1/hr)
µS2 = decay rate in the Type-2 exchange sites (1/hr)
The mass transport equation for the whole system follows by adding equations 4.39,
4.40 and 4.38 and noting that Ja = Ja1 + Ja2:
∂θc
∂t
+ ρb
∂s1
∂t
+ ρb
∂s2
∂t
=
∂
∂x
(
θD
∂C
∂x
− qc
)
− θµLc− ρbµs1s1 − ρbµs2s2 (4.41)
At equilibrium, the sorption process for the Type-1 (s1) and Type-2 (s2) exchange sites
can be described as, respectively:
s1 = frKdc (4.42)
s2 = (1− fr)Kdc (4.43)
where
fr = exchange sites considered to be at equilibrium
The total adsorption (s) at equilibrium is simply given by:
s = s1 + s2 (4.44)
Because Type-1 sorption sites are always at equilibrium, the mass balance is given by:
∂s1
∂t
= frKd
∂c
∂t
(4.45)
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On the other hand, the concentration of Type-2 sorption sites are time dependent so,
can be described by using a first order kinetic sorption rate, analogous to 4.11a. Sorption
onto these sites becomes:
∂s2
∂t
= α[(1− fr)Kdc− s2]− µs2s2 (4.46)
where
α = first order mass transfer coefficient governing the rate of solute
exchange between the sorbed and liquid regions;
first order kinetic adsorption rate coefficient (1/hr)
By substituting equations 4.45 and 4.46 into equation 4.41 the transport equation for
the Two-Site Model is given by:
∂θc
∂t
+ ρbfrKd
∂c
∂t
=
∂
∂x
(
θD
∂c
∂x
− qc
)
− θµLc
−frρbKdµs1c− αρb[(1− fr)Kdc− s2] (4.47)
and can be simplified to:
∂(θ + frρbKd)c
∂t
=
∂
∂x
(
θD
∂c
∂x
− qc
)
− θµLc− frρbKdµs1c
−α(1− fr)ρbKd
(
c+
s2
(1− fr)Kd
)
(4.48)
Assuming a steady-state flow in a uniform soil (D, θ, fr, ρb and q are constants), equa-
tion 4.48 simplify to:
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(
1 +
frρbKd
θ
)
∂c
∂t
= D
∂2c
∂x2
− v ∂c
∂x
− µLc− frρbKd
θ
µs1c
−α(1− fr)ρbKd
θ
[
c− s2
(1− fr)Kd
]
(4.49)
Hence, the complete model is given by equations 4.49 and 4.46.
4.7.2.2 Two-Site Nonequilibrium Nonlinear Transport Model
The Two-site Nonequilibrium Model considering the nonlinear Freundlich isotherm
(equation 4.9) to describe the solute retention mechanism is an alternative model and can
be derived in similar manner as the linear model. The temporal change in sorbed concen-
tration for the Type-1 and Type-2 exchange sites can be described as, respectively:
∂s1
∂t
= frKfNc
N−1 (4.50)
∂s2
∂t
= α[(1− fr)KfcN − s2]− µs2s2 (4.51)
By substituting equation 4.50 into equation 4.41, the governing transport equation is
given by:
∂θc
∂t
+ ρb
∂frKfc
N
∂t
=
∂
∂x
(
θD
∂C
∂x
− qc
)
− θµLc− ρbµs1frKfcN
−ρb
(
α[(1− fr)KfcN − s2]− µs2s2
)− ρbµs2s2 (4.52)
and can be simplified to:
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∂θc
∂t
+ ρb
∂frKfc
N
∂t
=
∂
∂x
(
θD
∂c
∂x
− qc
)
− θµLc− ρbµs1frKfcN
−ρbα[(1− fr)KfcN − s2] (4.53)
Therefore, the complete model is given by equations 4.53 and 4.51 (Magga et al., 2012;
Zou and Zheng, 2013). Assuming a steady-state flow in a uniform soil (D, θ, fr, ρb and q
are constants), equation 4.53 simplifies to:
(
1 +
ρbfrKfc
N−1
θ
)
∂c
∂t
= D
∂2c
∂x2
− v ∂c
∂x
− µLc− frρbKf
θ
µs1c
N
−ρbα
θ
[(1− fr)KfcN − s2] (4.54)
Hence, the complete model is given by equations 4.51 and 4.54.
4.8 Initial and boundary conditions
To apply any of these models to a specific case, appropriate auxiliary conditions are
needed to complete the mathematical description of solute transport through a semi-infinite
(0 ≤ x ≤ ∞) or a finite (0 ≤ x ≤ L) porous medium profile. Proper selection of boundary
conditions to simulate solute transport in porous media has received considerable attention
in the literature (van Genuchten et al., 2013). Incorrect use of boundary conditions for
laboratory experiments can lead to serious errors when scaling results to field conditions
(van Genuchten and Wierenga, 1986).
4.8.1 Initial condition
Since the governing equation contains a time derivative, it must be supplemented by an
initial condition that defines the distribution of mass at t = 0. The general initial condition
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is:
c(x, t = 0) = f(x) (4.55)
where f(x) can take the form of a constant value with distance, an exponential function
with x or a steady state type distribution for production and decay (van Genuchten and
Alves, 1982).
4.8.2 Boundary conditions
Two types of boundary conditions are typically used to initiate calculations for a con-
tinuous, step input or a pulse input at the soil surface. The first-type (Dirichlet) or contin-
uous concentration-type of boundary condition is of the form:
c(x = 0, t) = g(t) (4.56)
and the third-type (Robin) or continuous flux-type of boundary condition is of the form:
−D∂c
∂x
+ vc = vg(t) (4.57)
and for a third-type (Robin) B.C. pulse input we have:
−D∂c
∂x
+ vc = vg(t) g(t) =
 0 t < tp1 t ≥ tp (4.58)
where g(t) can also take several distributions such as, a constant value, a pulse-type distri-
bution or an exponential functions with time (van Genuchten et al., 2013).
The first-type of boundary condition (equation 4.56) describes a tracer solution applied
at a specified rate from a well mixed reservoir at the surface of the soil profile in which
the concentration itself can be specified at the inlet boundary. However, this is not usually
possible in practice (Selim, 2015). The third-type of boundary condition (equation 4.58)
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accounts for advection and dispersion across the interface of solute that is applied at a
specific rate from a well mixed reservoir at the surface of the soil profile (Selim, 2015).
The exit boundary condition can be defined in terms of a zero gradient at a finite and
infinite distance from the inlet and is given by:
∂c
∂x
(x =∞, t) = 0 (4.59a)
∂c
∂x
(x = L, t) = 0 (4.59b)
which is a second-type (Neumann) of boundary condition used for solute effluent (Selim,
2015).
4.9 Summary
The fate and transport in porous media of many inorganic and organic chemicals was
typically modeled using the ADE. However, the BTCs for many of these chemicals were
not adequately represented by the classical ADE. The classical ADE is based on assump-
tions of homogeneous porous medium, inter-phase mass transfer process, such as sorption,
and transformation reactions that are linear and essentially instantaneous, which are not
expected to occur at the field scale. Field scale conditions include physical and chemical
heterogeneities which are difficult to quantity. BTCs for these non-uniform conditions
cause non-equilibrium processes and are characterized by early peaks and long tails. Par-
ticularly chemical non-equilibrium indicates the simultaneous occurrence instantaneous
and time-dependent sorption-desorption processes.
The use of nonequilibriummodels significantly improve the modeling of organic chem-
icals. More complex models have been developed which improve even further transport
modeling. However, many of these models include parameters that are difficult to quantify
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or there are no available methods to be measure and are often fitted to experimental data.
Fitted values are usually found through optimization algorithms where the result is a
combination of values that gives the smallest approximation error. However, with higher
amount of parameter to be fitted, greater is the amount of possible combinations that could
adequately fit a particular problem.
The Two-site Nonequilibrium Nonlinear Transport model was selected for modeling
mobility of OTC. Many studies (Selim et al., 1976; Brusseau et al., 1992; Mao and Ren,
2004) have reported this model improves the prediction of mobility approximations for
a range of pesticides in soil compared to the classical ADE. This model offers a higher
degree of complexity that could represent more realistic field properties without compro-
mising the level of uncertainty of the parameters included in the model.
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5. NUMERICAL IMPLEMENTATION
5.1 Introduction
The transport of many solutes through the natural environment has been described
by some version of the classical Advection-Dispersion Equation (ADE) (Hogarth et al.,
1990; Li et al., 1992). The PDE that describes the groundwater flow and solute transport
in porous media can be solved mathematically using analytical solutions (when possible
to apply one) or numerical solutions. An advantage of an analytical solution is that it
provides an exact solution of the governing equation. However, this requires idealized
properties and boundary conditions of the particular problem sometimes to an unrealistic
level (Konikow et al., 2007; Leij and Bradford, 2009; Konikow, 2011). Thus, for most
field scale problems, the benefits of having an exact solution are outweighed by the level
of error introduced from the simplification of the assumptions (Konikow, 2011).
For many cases, numerical methods are needed to approximate a solution, particularly
when simplified analytical models cannot describe the physics of the particular conditions
(e.g. heterogeneous system, complicated boundary conditions, governing equation is non-
linear) (Logan, 2001; Konikow et al., 2007; van der Zee and Leijnse, 2013; Selim, 2015).
A general group of the many different numerical methods used to solve the ADE can
be classified as Eulerian, Lagrangian or mixed Eulerian-Lagrangian approaches (Zheng
and Bennett, 2002c). Lagrangian approaches require tracking a detailed history of each
fluid particle (flow properties which may change in time) whereas the Eulerian approach
records the evolution of the flow properties at every point in space and time (Zheng and
Bennett, 2002c; Yue, 2011). And as can be expected, the mixed Eulerian-Lagrangian
method is the combination of both.
Eulerian approaches (mainly used in fluid mechanics (Yue, 2011)) such as, finite dif-
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ference and finite elements, are mathematically simpler to apply, yet more abstract con-
ceptually. Eulerian methods are commonly affected by numerical dispersion and artificial
oscillation errors (under and over shooting), but can be addressed by reducing the tem-
poral and spatial grid (or mesh) step. Lagrangian approaches such as the random walk
method, are less abstract, more accurate and efficient by effectively eliminating numerical
dispersion. Hoever, these solutions are affected by numerical instabilities and computa-
tional difficulties from the lack of a fixed grid or mesh (Zheng and Bennett, 2002c). Mixed
Eulerian-Lagrangian approaches combine the strength of both methods. However, they are
not as computationally efficient as the other two (Zheng and Bennett, 2002c).
The numerical solution of the solute transport equation has been an area of active
research for many years and reflects the difficult task that it is to solve the ADE numeri-
cally (Zheng and Bennett, 2002c). The root cause is the variation of mathematical prop-
erties that the transport equation can describe whether advection-dominanted or diffusion-
dominanted in a particular situation (Ingebritsen and Sanford, 1998; Konikow et al., 2007).
Advection and diffusion are simultaneous processes that promote mass transport differ-
ently (Zheng and Bennett, 2002c).
The solute transport equation is a mixed type (Parabolic-Hyperbolic) PDE depend-
ing upon the magnitude of the parameters (Ingebritsen and Sanford, 1998). Mathemati-
cally, this means that the numerical method needs to handle simultaneously hyperbolic and
parabolic terms associated with advection and dispersion, respectively. This is a problem
that no numerical method has fully overcome (Zheng and Bennett, 2002c). When the PDE
is dominated by advection (as is common in many field problems), the governing equa-
tion approximates a hyperbolic type equation (Ingebritsen and Sanford, 1998; Konikow,
2011). Whereas the governing equation approximates a parabolic-type PDE when the dif-
fusive components dominate (similar to the groundwater flow equation) (Ingebritsen and
Sanford, 1998; Konikow, 2011). The degree of dominance of the advection or dispersion
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component is typically measured by the Peclet number (Pe = vL
D
). Pe values tends to
infinity for purely advective problems (Zheng and Bennett, 2002c).
The solute transport equation, particularly if it is advection dominated (hyperbolic-type
PDE), is more difficult to solve than the groundwater flow equation (parabolic-type PDE)
(Thomas, 1995a; Konikow et al., 2007). For example, solute transport for unsaturated
conditions requires an accurate description of the flow field for the specific target area. In
other words, because the solute transport model is linked to the flow model, both flow and
transport process have to be evaluated. The groundwater flow model is independent of
solute transport (Konikow, 2011), therefore solutions to the PDE are more easily found.
Eulerian approaches are commonly used for fluid flows. Two of the most widely used
and accepted Eulerian methods to approximate the groundwater flow and ADE are the
finite difference method (FDM) and finite element method (FEM) (Zheng and Bennett,
2002d; Konikow et al., 2007), each of which have advantages and disadvantages (Ingebrit-
sen and Sanford, 1998). An advantage of FDM is conceptual and mathematical simplicity
and ease to program (Konikow et al., 2007). While FEM offer great flexibility in the ge-
ometry discretization (see Figure 5.1) of a space, it is at the expense of greater numerical
complexity and computational effort (Zheng and Bennett, 2002d; Konikow et al., 2007).
Both methods are subject to numerical difficulties, such as, numerical dispersion and arti-
ficial oscillation errors. FEMs use higher order approximation which commonly generates
more accurate solutions than the standard FDM. However, higher order approximations
can also be accommodated in FDMs at the expense of loss of the simplicity and the effi-
ciency of the method (Zheng and Bennett, 2002c).
In brief, it is difficult to generalize which numerical method, FDM or FEM, is prefer-
able to approximate the groundwater flow and ADE. Each method has its own advantages
and disadvantages, but there are very few groundwater problems for which either is clearly
superior. The accuracy of the numerical solution is dictated by the selection of the numer-
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Figure 5.1: Showing a hypothetical problem with (a) irregular boundaries, discretized
using (b) a finite difference grid and (c) a finite elements mesh. (Figure modified from
Konikow et al. (2007))
ical approach. But the quality of the numerical solution is dictated by the selection of
the mathematical model (Kuzmin, 2010). Numerical errors can be reduced with increased
computational effort and therefore computational time. Hence, a tradeoff between accu-
racy and efficiency, features significantly influenced by the selected numerical methods,
must always be assessed (Konikow, 2011).
The numerical method of choice, FDM or FEM, is usually based on the ability or fa-
miliarity of the individual with a particular method (Zheng and Bennett, 2002c; Konikow
et al., 2007). The Finite Difference (FD) numerical method to approximate the ADE sub-
ject to sorption and reaction processes. Thus, the primary objective of this chapter is
to describe the FD numerical approach considered to solve the ADE assuming chemical
non-equilibrium and nonlinear sorption processes, as described in chapter 4.
5.2 Finite Difference Method - basic concept
The FDM is a numerical approximation technique to solve PDEs within a spatial re-
gion subject to initial conditions (in case of time dependecy, e.g. non-steady state) and
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Figure 5.2: Relation between continuous and discrete problems. Figure modified from
Recktenwald (2011) and Igboekwe and Amos-Uhegbu (2011)
boundary conditions. The basic approach of FDM is to divide the continuous space and
time dimension into discrete segments to create an equivalent representation of the rele-
vant system (Figure 5.2) (Grzybowski, 2009). Thus, the continuous differential equation
is replaced by a finite number of algebraic equations (generally solved using matrix tech-
niques) that define the solute concentration at specific points in the groundwater or porous
system (Konikow et al., 2007).
To understand the FDM techniques it is important first to consider the nomenclature
and fundamental concepts encountered in this form of numerical approximation (Lapidus
and Pinder, 1999). Consider the continuous function with a single independent variable
f(x) (Figure 5.3). The domain x is discretized into a set of nodes such that the arbitrary
node i and its adjacent nodes i + 2, i + 1, i − 1 and i − 2 may be specified at any nodal
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Figure 5.3: Finite Difference discretization of f = f(x) using a constant grid spacing∆x.
location as:
f(xi) ≡ f(i ·∆x) ≡ fi (5.1a)
f(xi+1) ≡ f(i+ 1 ·∆x) ≡ fi+1 (5.1b)
f(xi−1) ≡ f(i− 1 ·∆x) ≡ fi−1 (5.1c)
f(xi+2) ≡ f(i+ 2 ·∆x) ≡ fi+2 (5.1d)
f(xi−2) ≡ f(i− 2 ·∆x) ≡ fi−2 (5.1e)
Taylor series expansions are used in the formulation and classification of FD schemes
(Lapidus and Pinder, 1999). The Taylor series expansion of a function f(x) about a point
x = xi is written as follows:
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f(x) = f(xi) + (x− xi)∂f
∂x
∣∣∣∣
xi
+
(x− xi)2
2!
∂2f
∂x2
∣∣∣∣
xi
+
(x− xi)3
3!
∂3f
∂x3
∣∣∣∣
xi
+ ... (5.2)
The derivative of the function f(xi) can be approximated as ∆f∆x , where ∆x is the
discrete change in the function f over the interval∆x (Figure 5.4). Denoting∆x = x−xi
and −∆x = x− xi, equation 5.2 can be written as, respectively:
f(xi +∆x) = f(xi) + ∆x
∂f
∂x
∣∣∣∣
xi
+
∆x2
2!
∂2f
∂x2
∣∣∣∣
xi
+
∆x3
3!
∂3f
∂x3
∣∣∣∣
xi
+ ... (5.3a)
f(xi −∆x) = f(xi)−∆x∂f
∂x
∣∣∣∣
xi
+
∆x2
2!
∂2f
∂x2
∣∣∣∣
xi
− ∆x
3
3!
∂3f
∂x3
∣∣∣∣
xi
+ ... (5.3b)
where ∆x is finite and small but not necessarily infinitesimally small. By using equa-
tion 5.3, the derivative of f at xi
(
∂f
∂x
∣∣
xi
= ∂f
∂x
∣∣
i
)
in the continuum can be approximated in
the discrete case using the concept of a truncated and rearranged Taylor series expansion
as presented in equations 5.4a (forward difference) and 5.4b (backward difference) (Rao,
2002a).
∂f
∂x
∣∣∣∣
xi
=
f(xi+1)− f(xi)
∆x
−
[
∂2f
∂x2
∣∣∣∣
xi
∆x
2!
+
∂3f
∂x3
∣∣∣∣
xi
∆x2
3!
+ ...
]
︸ ︷︷ ︸
Truncation error
(5.4a)
∂f
∂x
∣∣∣∣
xi
=
f(xi)− f(xi−1)
∆x
+
[
∂2f
∂x2
∣∣∣∣
xi
∆x
2!
− ∂
3f
∂x3
∣∣∣∣
xi
∆x2
3!
+ ...
]
︸ ︷︷ ︸
Truncation error
(5.4b)
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Figure 5.4: Finite Difference discretization of f = f(x) using a constant grid spacing
∆x. Example of backward-space (BS) (green), forward-space (FS) and central-space (CS)
(orange) approximation to the derivative at the point xi (modified form Rao (2002a)).
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Additionally, subtracting equation 5.3b from 5.3a yields equation 5.4c (central difference).
∂f
∂x
∣∣∣∣
xi
=
f(xi+1)− f(xi−1)
2∆x
−
[
∂3f
∂x3
∣∣∣∣
xi
∆x2
3!
+ ...
]
︸ ︷︷ ︸
Truncation error
(5.4c)
The term in the square brackets is the error associated with truncating the Taylor series
after the second term and will be identified as O(∆xi) from now on. Thus, the discrete
changes in f and x can be found using the Taylor series in three different ways:
∂f
∂x
∣∣∣∣
xi
=
f(xi+1)− f(xi)
∆x
+O(∆x) (5.5a)
∂f
∂x
∣∣∣∣
xi
=
f(xi)− f(xi−1)
∆x
+O(∆x) (5.5b)
∂f
∂x
∣∣∣∣
xi
=
f(xi+1)− f(xi−1)
2∆x
+O(∆x2) (5.5c)
where the expressions 5.5a, 5.5b and 5.5c are the forward, backward and central difference
approximation for ∂f
∂x
∣∣
i
(Figure 5.4), respectively. Note that the error of the forward and
backward difference approximation is proportional to (∆x) while the error of the central
difference approximation is proportional to (∆x2). The three approximations use infor-
mation at only two points but the central difference delivers twice the order of error in
contrast with the other two methods. As ∆x decreases, the error in the central difference
approximation reduces more rapidly due to the square power (i.e. if the grid spacing is
reduced by half, the truncation error reduced by a factor of 22). Hence, the central differ-
ence approximation is more accurate than the forward and backward (Rao, 2002a). This
property will hold in general whenever the grid spacing (∆x) is constant.
To approximate an expression for the second derivative we follow a similar procedure
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as was presented above for the first derivative. For this, we consider the Taylor’s series
expansion for fi+2 = f(xi+2) and fi−2 = f(xi−2) (Figure. 5.3) using equation 5.2 consid-
ering x− xi = xi+2 − xi = 2∆x and x− xi = xi−2 − xi = −2∆x, respectively.
f(xi + 2∆x) = f(xi) +
∂f
∂x
∣∣∣∣
xi
(2∆x) +
∂2f
∂x2
∣∣∣∣
xi
(2∆x)2
2!
+
∂3f
∂x3
∣∣∣∣
xi
(2∆x)3
3!
+ ... (5.6a)
f(xi − 2∆x) = f(xi)− ∂f
∂x
∣∣∣∣
xi
(2∆x) +
∂2f
∂x2
∣∣∣∣
xi
(2∆x)2
2!
− ∂
3f
∂x3
∣∣∣∣
xi
(2∆x)3
3!
+ ... (5.6b)
Multiplying equation 5.3a by 2 and subtracting from equation 5.6a; multiplying equa-
tion 5.3b by 2 and subtracting from equation 5.6b; and finally, the addition of 5.3a and
5.3b yields the following
f(xi + 2∆x)− 2f(xi +∆x) = −f(xi) + ∂
2f
∂x2
∣∣∣∣
xi
∆x2 +
∂3f
∂x3
∣∣∣∣
xi
∆x3 + ... (5.7a)
f(xi − 2∆x)− 2f(xi −∆x) = −f(xi) + ∂
2f
∂x2
∣∣∣∣
xi
∆x2 − ∂
3f
∂x3
∣∣∣∣
xi
∆x3 + ... (5.7b)
f(xi +∆x) + f(xi −∆x) = 2f(xi) + ∂
2f
∂x2
∣∣∣∣
xi
∆x2 +
∂4f
∂x4
∣∣∣∣
xi
∆x4
12
+ ... (5.7c)
from which the second derivative can be expressed as:
∂2f
∂x2
∣∣∣∣
xi
=
f(xi + 2∆x)− 2f(xi +∆x) + f(xi)
∆x2
− ∂
3f
∂x3
∣∣∣∣
xi
∆x
3!
+ ...︸ ︷︷ ︸
Truncation error
(5.8a)
∂2f
∂x2
∣∣∣∣
xi
=
f(xi − 2∆x)− 2f(xi −∆x) + f(xi)
∆x2
− ∂
3f
∂x3
∣∣∣∣
xi
∆x
3!
+ ...︸ ︷︷ ︸
Truncation error
(5.8b)
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∂2f
∂x2
∣∣∣∣
xi
=
f(xi +∆x)− 2f(xi) + f(xi −∆x)
∆x2
− ∂
4f
∂x4
∣∣∣∣
xi
∆x2
12
+ ...︸ ︷︷ ︸
Truncation error
(5.8c)
or
∂2f
∂x2
∣∣∣∣
xi
=
f(xi + 2∆x)− 2f(xi +∆x) + f(xi)
∆x2
+O(∆x) (5.9a)
∂2f
∂x2
∣∣∣∣
xi
=
f(xi − 2∆x)− 2f(xi −∆x) + f(xi)
∆x2
+O(∆x) (5.9b)
∂2f
∂x2
∣∣∣∣
xi
=
f(xi +∆x)− 2f(xi) + f(xi −∆x)
∆x2
+O(∆x2) (5.9c)
Equation 5.9a, 5.9b and 5.9c denotes the forward, backward and central difference
approximation for ∂
2f
∂x2
∣∣
xi
(Rao, 2002a). A summary of the FD approximations for first and
second derivative is presented in Table 5.1.
Table 5.1: Finite Difference approximation and error order (modified from Lapidus and
Pinder (1999))
Derivative Finite Difference Formula Truncation
Approximation error
Forward-space (FS) f(xi+1)−f(xi)
∆xi
O(∆x)
∂f
∂x
Backward-space (BS) f(xi)−f(xi−1)
∆xi
O(∆x)
Central-space (CS) f(xi+1)−f(xi−1)
2∆xi
O(∆x2)
Forward-space (FS) f(xi−2)−2f(xi+1)+f(xi)
∆x2i
O(∆x)
∂2f
∂x2
Backward-space (BS) f(xi−2)−2f(xi−1)+f(xi)
∆x2i
O(∆x)
Central-space(CS) f(xi−1)−2f(xi)+f(xi+1)
∆x2i
O(∆x2)
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5.3 Solute transport equation
The PDE describing the groundwater flow (equation 4.3) and solute transport (equa-
tion 4.1) include terms representing a derivative of continuous variables. Using FDM to
approximate these derivatives (slope or curves) by discrete linear changes over small dis-
crete intervals of space (∆x) and time (∆t), if ∆x is sufficiently small, then all the linear
increments will represent a good approximation of the curvilinear surface f(x) (Konikow
et al., 2007).
To apply the FDM to equation 4.3, the problem domain is divided into a rectangu-
lar finite difference grid or mesh (series of cells or blocks) (Zheng and Bennett, 2002c;
Konikow et al., 2007). Two possible types of grid are illustrated in one dimension in Fig-
ure 5.5 to subdivide the domain region in the spatial and temporal plane (Konikow et al.,
2007). Figure 5.5a shows the calculating points (nodes) at the center of each block formed
by the grid lines (Block centered grid) and Figure 5.5b the nodes are considered to be lo-
cated in the intersections of the grid lines (Node centered grid) (Zheng and Bennett, 2002c;
Konikow et al., 2007). Under the block centered grid, the region of simulation may be vi-
sualized as a block surrounding each node. Although there is no particular advantage on
one type of grid over the other, there will be some operational differences for the handling
of the boundary conditions (Konikow et al., 2007).
5.3.1 Spatial discretization
The spatial discretization of the dispersion term (second derivative ∂2c
∂x2
) from equation
4.1 is given by the central weighting scheme (equation 5.10) analogous to equation 5.9c.
∂2c
∂x2
∣∣∣∣
xi
=
ci+1 − 2ci + ci−1
∆x2
(5.10)
The spatial discretization of the advection term (first derivative ∂c
∂x
) from equation 4.1
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Figure 5.5: Two possible types of finite difference grid: block centered grid and node
centered grid (modified from Konikow et al. (2007)). a) Block centered grid: cells have a
width∆x and the data is associated to the node in the center of the cell. Note that the data
will start∆x/2 inside the boundary. b) Node centered grid: the data is associated with the
node spaced ∆x apart. Note that there can be a nodes exactly on the boundary.
is given by the central weighting scheme (equation 5.11) analogous to equation 5.5c.
∂c
∂x
∣∣∣∣
xi
=
ci+1 − ci−1
2∆x2
(5.11)
Since the error terms are proportional to the square of the grid width (∆x2), the central
weighting approximations are said to be accurate to the second order with respect to the
spatial discretization.
Physical dispersion occurs in proportion to the second derivative term
(
∂2c
∂x2
)
, thus,
numerical dispersion error will occur if the term ∂
2c
∂x2
showed up in the expressions of the
truncation error. However, the second derivative term
(
∂2c
∂x2
)
is canceled out for the ap-
proximation of the advection term (equation 5.4c) and is isolated to the left side on the ap-
proximation of the dispersion term (equation 5.8c). This implies that the central weighting
scheme is free of numerical dispersion error associated with spatial discretization (Zheng
and Bennett, 2002c).
The central in space weighting approximation tends to create artificial oscillation, es-
pecially for advection dominated problems. However, artificial oscillation can be reduced
by utilizing the forward differentiation scheme (equation 5.5a), also known as the upstream
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or upwind weighting scheme. The upwind weighting scheme provides a first order error
accuracy and introduces again the numerical dispersion error (due to the presence of ∂
2c
∂x2
in the truncation error, see equation 5.4a). A problem that was overcome with the use of
the central in space weighting scheme (Zheng and Bennett, 2002c). Another solution to
reduce artificial oscillation is to use a higher resolution spatial grid, with a choice based
on the Peclet number, as discussed subsequently.
5.3.2 Temporal discretization
In an analogous fashion one can obtain the finite difference approximation for the
temporal derivative, which may be viewed as another dimension and hence represented
with another index (n) (Konikow et al., 2007). The time derivative term on the left hand
side of equation 4.1 can be approximated by:
∂c
∂t
∣∣∣∣
tn
=
cn+1i − cni
∆t
(5.12)
where the index n and n+1 represent the present and future time level, respectively. Some
of the well known FD numerical schemes to approximate the ADE are the forward-time
(FT) or explicit , backward-time (BT) or implicit and central-time (CT) or Crank-Nicolson
schemes (Huang et al., 1997).
First, lets consider the forward in time or explicit method. If only the old time level
(cn) is used in approximating the dispersion and advection terms of the ADE, the temporal
discretization at a grid point (i, n) is said to be forward or explicit (Figure. 5.6a) as shown
on equation 5.13.
cn+1i − cni
∆t
= D
cni−1 − 2cni + cni+1
∆x2
− v c
n
i+1 − cni−1
2∆x
(5.13)
where cn+1 and cn are the unknown and known terms, respectively. The known values
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Figure 5.6: Grid stencil showing discretization of time at node (i) in a 1D finite difference
grid: (a) explicit (FTCS: forward-time central-space) difference formulation, (b) implicit
(BTCS: backward-time central-space) difference formulation (c) Crank-Nicolson (CTCS:
central-time central-space) difference formulation. Index i denotes space and n denotes
time.
come from initial conditions specified for the first time step or from the solutions of the
previous time step (Konikow et al., 2007). Three terms are associated with the old time
level (n) while only one is associated with the new time level (n+ 1) (Figure 5.6a). Thus,
every node of the grid will have an equation with one unknown cn+1i term. Then, the
concentration at the new time level n+1 can be computed directly from concentrations at
the previous time level n when equation 5.13 is rearranged as follows:
cn+1i =
(
D∆t
∆x2
+
v∆t
2∆x
)
cni−1 +
(
1− 2D∆t
∆x2
)
cni +
(
D∆t
∆x2
− v∆t
2∆x
)
cni+1 (5.14)
Next, consider the backward in time or fully implicit method, in which only the new
time level (cn+1) is used in approximating the dispersion and advection terms of the ADE
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for the temporal discretization at a grid point (i, n) (Figure. 5.6b) as shown in equation
5.15 (Zheng and Bennett, 2002c).
cn+1i − cni
∆t
= D
cn+1i−1 − 2cn+1i + cn+1i+1
∆x2
− v c
n+1
i+1 − cn+1i−1
2∆x
(5.15)
as before, cn+1 and cn are the unknown and known terms, respectively. The known values
come from initial conditions specified for the first time step or from the solutions of the
previous time step (Konikow et al., 2007). It is seen here that for every grid node only
one term is associated with the old time level (n) while three terms are associated with the
new time level (n + 1) (equation 5.16) (Figure. 5.6b), which cannot be solved directly, in
contrast with the explicit scheme. This scheme requires the system of algebraic equations
(equation 5.17) to be solved simultaneously for all the grid nodes in the entire domain for
each time step (Rao, 2002b) together with specified boundary conditions (Konikow et al.,
2007) using an iterative solution method or a direct matrix solution technique (i.e. Thomas
Algorithm) (Zheng and Bennett, 2002c).
(
− D∆t
(∆x)2
− v∆t
2∆x
)
cn+1i−1 +
(
1 +
2D∆t
(∆x)2
)
cn+1i +
(
− D∆t
(∆x)2
+
v∆t
2∆x
)
cn+1i+1 = c
n
i (5.16)
equation 5.16 can be written in the form:
ai,i−1 cn+1i−1 + ai,i c
n+1
i + ai,i+1 c
n+1
i+1 = RHSi (5.17)
where the coefficients ai,i−1, ai,i and ai,i+1 and the right hand side (RHSi) term are given
by:
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ai,i−1 = −D∆t
∆x2
− v∆t
2∆x
(5.18a)
ai,i = 1 +
2D∆t
∆x2
(5.18b)
ai,i+1 = −D∆t
∆x2
+
v∆t
2∆x
(5.18c)
RHSi = c
n
i (5.18d)
Equation 5.17 in matrix form is:
[A] cn+1 = RHS (5.19)
where the coefficient matrix [A] is the tridiagonal or Jacobi matrix (Rao, 2002c) due to the
three nonzeno diagonal elements centered about the main diagonal (Figure. 5.7)
Figure 5.7: Tridiagonal matrix or Jacobi matrix
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[A] = tridiagonal {ai,i−1, ai,i, ai,i+1}
and the vector of unknowns cn+1 and the right hand side RHS (depends on known con-
centration values at the time level n) are given by:
cn+1 =

cn+11
cn+12
cn+13
...
cn+1N−1
cn+1N

RHS =

RHS1
RHS2
RHS3
...
RHSN−1
RHSN

To solve for the unknowns cn+1 one can use the Thomas algorithm which is an effi-
cient and simple way to solve the tridiagonal system (equation 5.19) (Lapidus and Pinder,
1999) (see Appendix C). The Thomas algorithm is a simplified variation of the Gaussian
elimination that can be used to solve the tridiagonal systems of equations.
The temporal approximation at the node i of the ADE can be expressed as:
cn+1i − cni
∆t
= (w1)
[
D
cn+1i−1 − 2cn+1i + cn+1i+1
∆x2
− v c
n+1
i+1 − cn+1i−1
2∆x
]
+ (1− w1)
[
D
cni−1 − 2cni + cni+1
∆x2
− v c
n
i+1 − cni−1
2∆x
]
(5.20)
where w1 is a temporal weight factor that ranges from 0 to 1. Thus, the explicit (w1 = 0)
and implicit (w1 = 1) schemes can be considered as special cases of more general temporal
discretization scheme which uses a weighted concentration at the new (n+ 1) and old (n)
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time levels to approximate the dispersion and advection terms of the ADE (Lapidus and
Pinder, 1999; Zheng and Bennett, 2002c):
Rearranging all the unknown values to the left and the known values to the right side
of the equal sign yield the following:
(
−w1D∆t
∆x2
− w1 v∆t
2∆x
)
cn+1i−1
+
(
1 + w1
2D∆t
∆x2
)
cn+1i
+
(
−w1D∆t
∆x2
+ w1
v∆t
2∆x
)
cn+1i+1
=
(
(1− w1)D∆t∆x2 + (1− w1) v∆t2∆x
)
cni−1
+
(
1− (1− w1)2D∆t∆x2
)
cni
+
(
(1− w1)D∆t∆x2 − (1− w1) v∆t2∆x
)
cni+1 (5.21)
In a similar way, equation 5.21 can be written in the form of equation 5.17 where the
coefficients ai,i−1, ai,i and ai,i+1 and the right hand side (RHSi) term are given by:
ai,i−1 = −D∆t
∆x2
− v∆t
2∆x
(5.22a)
ai,i = 1 +
2D∆t
∆x2
(5.22b)
ai,i+1 = −D∆t
∆x2
+
v∆t
2∆x
(5.22c)
RHSi =
(
(1− w1)D∆t
∆x2
+ (1− w1) v∆t
2∆x
)
cni−1
+
(
1− (1− w1)2D∆t
∆x2
)
cni
+
(
(1− w1)D∆t
∆x2
− (1− w1) v∆t
2∆x
)
cni+1 (5.22d)
An alternative approximation scheme is obtained by setting w1 = 12 and is referred to
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as the central in time approximation or Crank Nicolson scheme (which is the average of
the explicit and the implicit scheme) (Zheng and Bennett, 2002c). The Crank Nicolson
scheme can be solved by writing the matrix form (equation 5.19) and using the Thomas
algorithm.
There are four fundamental properties of FD approximation for every PDE that must be
considered before selecting a specific approach or scheme which are: consistency, order,
stability and convergence (Hoffman, 2001).
A finite difference scheme is said to be consistent with a PDE if the truncation er-
ror (difference between the finite difference equation and the partial differential equation)
vanishes as the grid size goes to zero (∆t, ∆x → 0). The order of the finite difference
approximation refers to the rate at which the global or total error (round-off error + trunca-
tion error) is reduced as the grid size approaches zero. A numerical approximation scheme
of a PDE is considered stable if the errors are not magnified in the calculations causing
large deviations from the exact solution. Finally, a finite difference approximation is said
to be convergent if it approaches the real solution of the underlying PDE as the grid size
reduces to zero.
Stability of the numerical scheme implies that a solution will be obtained, although not
necessarily that the solution will be accurate. Similarly, consistency is a necessary con-
dition but not sufficient for convergence. Thus, the numerical approximation needs both
properties (consistency and stability) in order to be convergent (consistency + stability⇔
convergence).
Explicit schemes are extremely simple and straightforward to implement in a simu-
lation and are efficient with respect to memory usage (Zheng and Bennett, 2002c), but
may have stability problems (is conditionally stable). To ensure the stability of the explicit
solution, the condition of 0 < D∆t
∆x2
≤ 0.5 has to be met. This requirement imposes a re-
striction on the temporal and spatial step size (i.e ∆t must be very small since ∆t ≤ ∆x2
2D
)
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which might require more computational work over large values of time (Rao, 2002b).
Even though the implicit schemes (fully implicit and Crank Nicolson) are more com-
plicated to solve, they have the advantage of generally being unconditionally stable be-
cause there is no time step requirement (Konikow et al., 2007; Zheng and Bennett, 2002c).
Implicit methods are quite competitive with standard explicit methods in use and perfor-
mance due to the unconditional stability, the tridiagonal system of the coefficient matrix
and the Thomas algorithm for solving the algebraic equation which is very efficient and
simple to implement (Lapidus and Pinder, 1999).
Both the explicit (forward-time) and fully implicit (backward-time) finite difference
approximation schemes provide a first order error accuracy in time O(∆t), similar to
the forward and backward approximation in space (see equations 5.5a and 5.5b, respec-
tively). On the other hand, the Crank Nicolson (center-time) finite difference approxima-
tion (w1 = 12 ) provides a second order accuracy error (O(∆t
2)) (similar to equation 5.5c).
Thus, the forward-time central-space (FTCS) FD approximation presented in equation
5.13 and the backward-time central-space (BTCS) FD approximation presented in equa-
tion 5.15 are first order accurate in time and second order accurate in space (O(∆t,∆x2)).
The central-time central-space presented in equation 5.20 is similar to the BTCS implicit
scheme but with improved local truncation error: second order accurate in time and space
(O(∆t2,∆x2)) (Thomas, 1995b; Zheng and Bennett, 2002c).
5.3.3 Discretization constraints: Peclet and Courant number
As briefly mentioned above, the numerical approximation of the solute transport equa-
tion can be limited by spatial and temporal discretization constrains which are required
for accuracy and stability of the numerical scheme. The two constrains considered here,
Peclet and Courant number, are best expressed in terms of grid-based dimensionless vari-
ables (Craig, 2004).
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The Peclet number (Pe, sometimes referred to as the Reynolds cell number) is given by
equation 5.23 and represents the ratio of the grid size to the dispersivity (D/v) (Ingebritsen
and Sanford, 1998; Zheng and Bennett, 2002c; Zhou, 2002; Craig, 2004). Solute transport
problems are considered dispersion dominated for Pe values much lower than one (Pe≪
1), whereas advection dominated problems are considered for Pe values much greater
than one (Pe ≫ 1) (Craig, 2004). The concentration distribution will spread out faster
than it moves down the soil column for diffusion dominated conditions. In contrast, the
concentration distribution will move faster down the soil column than it spreads out for
advection dominated problems (Socolofsky and Jirka, 2005). The larger the Peclet number
(Pe → ∞) the more dominant is the advection term and thus, the more significant the
artificial oscillation error (Zheng and Bennett, 2002c).
Pe =
vL
D
(5.23)
where v is the velocity, D is the dispersion coefficient, and L is the length scale. For
numerical simulations, the length scale can be defined as the local representative grid size
(∆x) to evaluate the “grid Peclet number ”(Pegrid). As mentioned previously, the central-
space weighting scheme leads to artificial oscillation which can be reduced by using a finer
spatial grid size based on Pe. Huyakorn and Pinder (1983) recommend that the spacing
size (∆x) be designed so that the Pegrid ≤ 2 to avoid or reduce oscillation of the numerical
solution (Zheng and Bennett, 2002c; Craig, 2004).
The Courant number (Cr), given by equation 5.24, is an indicator of the advection
speed relative to the cell size of the grid (∆t/∆x) (Craig, 2004). Cr can be interpreted
as the number or fraction of cells that a solute particle will cross by advection in one time
step. Therefore, the Courant number is used to determine the appropriate temporal spacing
(∆t) by setting the requirement that the solute particle will move no more than one cell
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size within the duration of the time step (Zheng and Bennett, 2002c; Craig, 2004).
Cr =
v∆t
∆x
(5.24)
Even though the Crank Nicolson (and fully implicit) approximation to the temporal
derivative have no stability constrain (unconditionally stable, no ∆t size requirement) to
achieve a stable solution, a maximum Courant number of one (Cr ≤ 1) is generally rec-
ommended to achieve a sufficiently accurate solution (Zheng and Bennett, 2002c; Craig,
2004).
5.3.4 Auxiliary condition discretization
Just as the governing equation was discretized, so must the auxiliary conditions to
specify the solution of the PDE. Three types of boundary conditions (BCs) are utilized in
this work: Dirichlet, Neumann and, Robin.
The Dirichlet (first-type) condition represent a value, constant or known function,
specified at the boundary. The discretized form of equation 4.55 is given by:
Cn=1i = f(i∆x), i = 0, · · · ,M (5.25)
The Neumann (second-type) condition represents a fixed flux at the boundary. This
mean that the value at the boundary is variable with time and the system requires an ad-
ditional auxiliary equation to be able to be solved. Recall that the chosen approximation
scheme for the governing equation (central in time and central in space) is second order
accurate in time and space (∆t2,∆x2). Thus, the auxiliary conditions are approximated
with a central-space scheme to be consistent with the order error accuracy in space (∆x2).
In order to maintain the second order error, a ghost node needs to be used as shown in
Figure 5.8 and the Neumann condition is given by:
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Figure 5.8: Illustration of a node centered grid and block centered grid for a Neumann
boundary condition
Cni+1 − Cni−1
2∆x
= g1(n∆t), n = 1, · · · (5.26)
The Robin (third-type) conditions are a linear combination of Dirichlet and Neumann
and represent a mass flux into the domain proportional to the difference in concentration
at the boundary and the surrounding medium.
vCni −D
Cni+1 − Cni−1
2∆x
= vh1(n∆t), n = 1, · · · (5.27)
5.3.5 Modified Picard iteration scheme
The solute transport equation, considering the Freundlich isotherm for the sorption
process, is highly nonlinear (Zarba, 1988; Huang et al., 1998), and as a result requires a
different approach to solve it. Typically, nonlinearities are solve with iterative methods
based on successive linearizations (Celia et al., 1990). Usual iterative linearization meth-
ods include: lag nonlinear term method, linearization about the previous time step method,
Newton method, standard Picard method, and modified Picard method (Celia et al., 1990;
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Thomas, 1995c).
A common problem for nonlinear water flow and solute transport problems are the
mass balance errors (MBEs) generated in the numerical simulation given the nonlinear
nature of the equations. These MBEs are in addition to the numerical errors generated by
the numerical methods for the linear approximations. Small time steps are usually required
to minimize the MBEs produced during the numerical simulation which can cause the
solution to be "very time consuming" (Huang et al., 1998).
The Newton iterative scheme has been used to solve the nonlinear flow and solute
transport equation (Huang et al., 1998). However, depending on how the method is imple-
mented, the coefficient matrix can be non-symmetric which demands more computational
effort to be solve in contrast with a symmetric coefficient matrix (Mehl, 2006).
Another approach is to use an operator splitting technique (OPS) in which the complete
solute transport equation is separated into a system of linear PDEs (involving the advection
and dispersion term) and nonlinear ordinary differential equations (ODEs) involving the
reaction term. However, the approach may cause mass balance errors for continuous mass
flux boundary conditions (Huang et al., 1998).
A more convenient alternative for nonlinear problems of the water flow and solute
transport equation is using the “modified Picard iteration”method proposed by Celia et al.
(1990). The modified Picard iteration scheme is a mass conservative numerical scheme
originally developed and applied to solve the mixed form Richards equation. Later, it was
generalized for the solute transport equation by Huang et al. (1998) given the similarity
between the ADE and the flow equation which can be seen by comparing the components
of both equation as presented in Table 5.2 (Huang et al., 1998). Celia et al. (1990) claimed
that the mass conservative property of the modified Picard methods holds for all types
of boundary conditions and all numerical approximations as long as spatial symmetry is
maintained (Huang et al., 1998).
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Table 5.2: Similarity between the water flow and solute transport equation (modified from
Huang et al. (1998))
Flow equation Transport equation
Pressure head h Concentration c
Water content θ(h) Solute content M(c)
Gravitational flow Convectional transport v
Hydraulic conduction K(h) Hydrodynamic disperiosn D
Sink and source terms Decay and production terms
Specific water capacity ∂θ
∂h
Specific solute capacity ∂M
∂c
The numerical performance of the modified Picard iteration method was tested for the
flow equation (using finite elements) by Huang et al. (1996) and included scenarios with
highly nonlinear soil hydraulic properties, very dry soil conditions and layered soil. Its
implementation, reduced the mass balance error in all the tests to almost zero (< |10−8|%)
(Huang et al., 1998).
To explain the implementation of the "modified Picard iteration" method a simple case
of local equilibrium sorption will be presented. Substituting the general form of the ad-
sorption isotherm (equation 4.5) into equation 4.4 leads to:
∂θc
∂t
+ ρb
∂f(c)
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(5.28)
∂θ
(
1 + ρb
θ
f(c)
c
)
c
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(5.29)
∂θRc
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(5.30)
where R is the retardation factor (see section 4.6) defined as:
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R = 1 +
ρb
θ
f(c)
c
(5.31)
Note that the retardation factor defined in equation 5.31 is related to f(c)
c
instead of
the usual definition of the isotherm slope
(
∂f(c)
∂c
)
(see equation 4.14) (Huang et al., 1997,
1998). Next, the ADE is written in a "mixed-form" formulation and is given by:
∂M(c)
∂t
=
∂
∂x
(
θD
∂c
∂x
)
− q ∂c
∂x
(5.32)
whereM(c) is the solute content (total concentration of solute per unit volume of soil)
and is defined as:
M(c) = θc+ ρbf(c) = θRc (5.33)
The temporal derivative term ∂M
∂t
is differentiated in the same way as equation 5.12
with an iterative superscript and is given by:
∂M
∂t
=
Mn+1,p+1i −Mni
∆t
(5.34)
Thus, the nonlinear ADE approximated with central-space and Crank-Nicolson in time
differentiation scheme is given below:
Mn+1,p+1i −Mni
∆t
= w1
(θD)
n+ 1
2
i+ 1
2
(
cn+1,p+1i+1 −cn+1,p+1i
∆x
)
− (θD)n+
1
2
i− 1
2
(
cn+1,p+1i −cn+1,p+1i−1
∆x
)
∆x
−(θv)n+
1
2
i
cn+1,p+1i+1 − cn+1,p+1i−1
∆x
]
+ (1− w1)
(θD)n+
1
2
i+ 1
2
(
cni+1−cni
∆x
)
− (θD)n+
1
2
i− 1
2
(
cni −cni−1
∆x
)
∆x
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−(θv)n+
1
2
i
cni+1 − cni−1
∆x
]
(5.35)
where n denote the time level and p denotes the iteration level. To solve equation 5.35,
the solute content at the new time and iteration levelMn+1,p+1i is replaced with a truncated
Taylor expansion with respect to the solution concentration (c) about the expansion point
cn+1,p (Huang et al., 1996, 1998), i.e.
Mn+1,p+1i = M
n+1,p
i +
(
dM
dc
)n+1,p
i
(
cn+1,p+1i − cn+1,pi
)
+O(∆p)2 (5.36)
Substituting equation 5.36 into equation 5.35 gives:
Mn+1,pi −Mni
∆t
+
Bn+1,pi
∆t
(
cn+1,p+1i − cn+1,pi
)
= w1
(θD)
n+ 1
2
i+ 1
2
(
cn+1,p+1i+1 −cn+1,p+1i
∆x
)
− (θD)n+
1
2
i− 1
2
(
cn+1,p+1i −cn+1,p+1i−1
∆x
)
∆x
−(θv)n+
1
2
i
cn+1,p+1i+1 − cn+1,p+1i−1
∆x
]
+ (1− w1)
(θD)n+
1
2
i+ 1
2
(
cni+1−cni
∆x
)
− (θD)n+
1
2
i− 1
2
(
cni −cni−1
∆x
)
∆x
−(θv)n+
1
2
i
cni+1 − cni−1
∆x
]
(5.37)
After the similar terms are grouped, and the known (cn+1,p+1) and unknown (cn) terms are
organized on the left and right hand side of the equation, respectively, the equation has the
following form:
97
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
− w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,p+1i−1
)
+
[
w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
] (
cn+1,p+1i
)
+
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,p+1i+1
)
+Bn+1,pi
(
cn+1,p+1i − cn+1,pi
)
= Mni −Mn+1,pi
+
[
(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
+ (1− w1)
(
θv∆t
∆x
)n+ 1
2
i
] (
cni−1
)
+
[
−(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
− (1− w1)
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
]
(cni )
+
[
(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
− (1− w1)
(
θv∆t
∆x
)n+ 1
2
i
] (
cni+1
)
(5.38)
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From each cn+1,p+1, we may subtract cn+1,p, and also subtract the same term from the
right hand side to maintain algebraic equivalence (Zarba, 1988). Now the equation being
solved remains the same and displays the following algebraic form:
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
− w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,p+1i−1 − cn+1,pi−1
)
+
[
w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
] (
cn+1,p+1i − cn+1,pi
)
+
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,p+1i+1 − cn+1,pi+1
)
+Bn+1,pi
(
cn+1,p+1i − cn+1,pi
)
= Mni −Mn+1,pi
+
[
(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
+ (1− w1)
(
θv∆t
∆x
)n+ 1
2
i
] (
cni−1
)
+
[
−(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
− (1− w1)
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
]
(cni )
+
[
(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
− (1− w1)
(
θv∆t
∆x
)n+ 1
2
i
] (
cni+1
)
−
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
− w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,pi−1
)
−
[
w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
] (
cn+1,pi
)
−
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,pi+1
)
(5.39)
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[
−w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
− w1
(
θv∆t
∆x
)n+ 1
2
i
](
δn+1,pci−1
)
+
[
w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
+Bn+1,pi
] (
δn+1,pci
)
+
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θv∆t
∆x
)n+ 1
2
i
](
δn+1,pci+1
)
= Mni −Mn+1,pi
+
[
(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
+ (1− w1)
(
θv∆t
∆x
)n+ 1
2
i
] (
cni−1
)
+
[
−(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
− (1− w1)
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
]
(cni )
+
[
(1− w1)
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
− (1− w1)
(
θv∆t
∆x
)n+ 1
2
i
] (
cni+1
)
−
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
− w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,pi−1
)
−
[
w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θD∆t
∆x2
)n+ 1
2
i− 1
2
] (
cn+1,pi
)
−
[
−w1
(
θD∆t
∆x2
)n+ 1
2
i+ 1
2
+ w1
(
θv∆t
∆x
)n+ 1
2
i
] (
cn+1,pi+1
)
(5.40)
where
δn+1,pci = c
n+1,p+1
i − cn+1,pi (5.41)
Equation 5.40 can be written in matrix form, similar to equation 5.19, as follows:
[A] δn+1,pc = RHS (5.42)
where [A] is the tridiagonal matrix, and RHS is the finite difference approximation at
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the present time n and iteration level p. RHS can be considered as a residual because
it provides a measure of the failure of the pth iteration on solving the finite difference
equation (Zarba, 1988). It should be noted that δn+1,pc is now the unknown variable instead
of cn+1,p+1. After solving equation 5.40 using the Thomas algorithm, the desired solution
for the solute concentration in the liquid phase cn+1,p+1 can be obtained from equation
5.41 (Huang et al., 1996).
5.3.5.1 Convergence criterion
An iterative process starts with an initial guess of the unknown variable. Estimates
continue to be improved through successive numerical adjustments until the solution con-
verges (in practice, neither a necessary nor a wise option (Kuzmin, 2010)), satisfies a
convergence criteria or reaches a pre-established maximum number of iterations (Zheng
and Bennett, 2002c; Reddy, 2015). Otherwise, the iterative process will continue into a
loop of indefinite number of iterations in the case that convergence is not achieved (Reddy,
2015). In addition, terminating the iterative process too early or too late, might result in
large iteration error or waste of computational time, respectively (Kuzmin, 2010).
Thus, an important aspect of any iterative process is to determine a suitable or rational
stopping criteria in order to monitor convergence. The selection of a convergence cri-
terion not only influences the accuracy of the solution, but the computational efficiency
as well, which is a an aspect of significant concern in numerical methods (Huang et al.,
1996; Zheng and Bennett, 2002c). Huang et al. (1996) evaluated two general aspects of a
standard, a mixed and a nonlinear convergence criterion for the particular case of the flow
equation. The two general categories evaluated included solution quality (solution ac-
curacy and MBE) and computational efficiency (total number of iterations and computer
simulation time). Huang et al. (1996) reported that the three criteria provide an accurate
solution of the mixed-form Richards equation, implemented with the modified Picard iter-
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ation method for simulating variably saturated water flow in soils. However, the nonlinear
convergence criterion performed better than the standard and mixed criteria in terms of
computational efficiency. Given the similarity of the mixed-form Richard equation (equa-
tion 4.3) for water flow in variably saturated porous media and the mixed form transport
equation (equation 5.32) presented in table 5.2, the nonlinear convergence criterion pro-
posed by Huang et al. (1996) can be generalized for the mixed-form transport equation as
follows
Bn+1,p|δn+1,pc | = |Mn+1,p+1 −Mn+1,p| ≤ δM (5.43)
The nonlinear convergence criterion for the equation 5.32 considers the Taylor expan-
sion on equation 5.36 as the center of the modified Picard iteration method. Usual value
for δM is 0.0001 (Huang et al., 1996). Additionally, as a rule, the convergence criterion to
monitor the difference between two successive iterations and/or the residual is measured
in a suitable chosen norm (Kuzmin, 2010). This implies that equation 5.43 is estimated
by:
√∑I
i=1 |Mp+1i −Mpi |2∑I
i=1 |Mp+1i |2
≤ δM (5.44)
5.4 Finite Difference Method - models discretization
The general form of the FDM for equations equations 4.51 and 4.54 is given by equa-
tion 5.17. The coefficients for the general form of equation 5.17 are presented in Tables
5.3, 5.4 and 5.5. Step by step details on how was the FDM applied to equations 4.51 and
4.54 are presented in Appendix D.
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Table 5.3: Coefficients for terms ai,i−1, ai,i, ai,i+1 and the right hand side (RHSi) for the
Two-site Nonequilibrium Model with Non-Linear Sorption
ai,i−1 = −w1θr − w2θCr2
ai,i = 2w1θr + w4θµL∆t+B
n+1,m
i + F
n+1,m
i − In+1,mi
ai,i = −w1θr + w2θCr2
RHSi = Mni −Mn+1,mi − En+1,mi − Eni +Hn+1,mi +Hni
+
[
(1− w1)θr + (1− w2)θCr2
]
cni−1
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr2
]
cni+1
- [(1− w4)∆tρbµs2] sn2i
-
[
(ρb + w4∆tρbµs2)
(1−∆t(1−w3)(α+µs2))
(1+∆tw3(α+µs2))
]
sn2i + [ρb] s
n
2i
-
[−w1θr − w2θCr2 ] cn+1,mi−1
- [2w1θr + w4θµl∆t] c
n+1,m
i
-
[−w1θr + w2θCr2 ] cn+1,mi+1
Note: For defitions for the the following terms see Appendix D. Cr (Eq. D.44);
r (Eq. D.43); Bn+1,mi (Eq. D.29); F
n+1,m
i (Eq. D.34); I
n+1,m
i (Eq. D.39)
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Table 5.4: Coefficients for terms ai,i and ai,i+1 and the right hand side (RHSi) assuming
a Pulse boundary condition (Equation 4.58) at the top for the Two-site Nonequilibrium
Model with Non-Linear Sorption
ai,i= 2w1θr + w4θµL∆t+B
n+1,m
i + F
n+1,m
i − In+1,mi
− (−w1θr − w2θCr2 ) (2∆xvD )
ai,i= −w1θr + w2θCr2 − w1θr − w2θCr2
RHSi = Mni −Mn+1,mi − En+1,mi − Eni +Hn+1,mi +Hni
+
[
(1− w1)θr + (1− w2)θCr2
] (
cni+1 − 2∆xvD cni + 2∆xvD g
)
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr2
]
cni+1
- [(1− w4)∆tρbµs2] sn2i
-
[
(ρb + w4∆tρbµs2)
(1−∆t(1−w3)(α+µs2))
(1+∆tw3(α+µs2))
]
sn2i + [ρb] s
n
2i
-
[−w1θr − w2θCr2 ] (cn+1,mi+1 − 2∆xvD cn+1,mi + 2∆xvD g)
- [2w1θr + w4θµl∆t] c
n+1,m
i
-
[−w1θr + w2θCr2 ] cn+1,mi+1
Note: For defitions for the the following terms see Appendix D. Cr (Eq. D.44);
r (Eq. D.43); Bn+1,mi (Eq. D.29); F
n+1,m
i (Eq. D.34); I
n+1,m
i (Eq. D.39);
g = 1 for the duration of the pulse, otherwise g = 0.
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Table 5.5: Coefficients for terms ai,i−1, ai,i and the right hand side (RHSi) assuming a
second-type of boundary condition (Eq. 4.59) for the Two-site Nonequilibrium Model
with Non-Linear Sorption
ai,i−1 = −w1θr − w2θCr2 − w1θr + w2θCr2
ai,i = 2w1θr + w4θµL∆t+B
n+1,m
i + F
n+1,m
i − In+1,mi
RHSi = Mni −Mn+1,mi − En+1,mi − Eni +Hn+1,mi +Hni
+
[
(1− w1)θr + (1− w2)θCr2
]
cni−1
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr2
]
cni−1
- [(1− w4)∆tρbµs2] sn2i
-
[
(ρb + w4∆tρbµs2)
(1−∆t(1−w3)(α+µs2))
(1+∆tw3(α+µs2))
]
sn2i + [ρb] s
n
2i
-
[−w1θr − w2θCr2 ] cn+1,mi−1
- [2w1θr + w4θµl∆t] c
n+1,m
i
-
[−w1θr + w2θCr2 ] cn+1,mi−1
Note: For defitions for the the following terms see Appendix D. Cr (Eq. D.44);
r (Eq. D.43); Bn+1,mi (Eq. D.29); F
n+1,m
i (Eq. D.34); I
n+1,m
i (Eq. D.39)
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6. SOIL MOBILITY OF OXYTETRACYCLINE AND SELECTION OF RESISTANT
BACTERIA
6.1 Introduction
Oxytetraycline (OTC) is one of several antibiotics widely used in animal husbandry
to treat and prevent disease and increase growth. Up to 80% of the administered dose
is excreted as the active parent compound (Hirsch et al., 1999; de Liguoro et al., 2003;
Merck and Co., 2002; Sarmah et al., 2006) and as active metabolites (Brambilla et al.,
2007). OTC excreted in manure reaches the soil media from direct droppings by grazing
animals and/or land application of manure as fertilizer on agricultural soils. OTC has
been characterized as an immobile (ter Laak et al., 2006a; Chee-Sanford et al., 2009) and
persistent (Aga et al., 2005; Kulshrestha, 2007; Blackwell et al., 2007; Wang and Yates,
2008) compound because it sorbs strongly onto soils and does not rapidly degrade after
application (Hamscher et al., 2002, 2005; Aga et al., 2005). Solute transport studies have
presented no evidence of OTC leaching into deeper soil compartments or groundwater
(Rabølle and Spliid, 2000; Hamscher et al., 2005; Kay et al., 2005b,a; Kim et al., 2010).
Kim et al. (2010) reported no colloid-facilitated transport effect for OTC in soil.
OTC concentrations in fresh and aged manure range from 101 to 106 µg/kg and 101
to 104 µg/kg, respectively, while concentrations in soil media range between 10−1 to 103
µg/kg. OTC half life in manure, soil, and manure amended soil has been reported on
the order of 8.1 (Wang and Yates, 2008), 12.8 (Chen et al., 2014) and 33 days (Wang
and Yates, 2008), respectively. Although, OTC is photosensitive (Halling Sørensen et al.,
2003), light penetration in soil is limited to the first millimeter of topsoil (Hamscher et al.,
2002; Jechalke et al., 2014). OTC can undergo biological degradation (Yang et al., 2009;
Kim et al., 2010), and chemical transformation (Yang et al., 2009). Temperature and pH
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strongly affect OTC degradation while ionic strength does not (Loftin et al., 2008). Trans-
formation pathways have been proposed for photo- and biodegradation. Transformation
products have been reported with potential biological activity (Palmer et al., 2010; Ham-
scher et al., 2005).
The fate of many pesticides has been reported and the fate of OTC is comparable
(Wehrhan, 2006), as well as for other antibiotics. Mobility is typically predicted using the
advection-dispersion equation (ADE):
∂Ct
∂t
=
∂
∂z
(
θD
∂C
∂z
− qC
)
− µCt (6.1)
where Ct is the total mass of solute per unit volume of soil [mg/L], C is the solute con-
centration in the aqueous phase [mg/L], θ is the volumetric water content [cm3/cm3], D
is the hydrodynamic dispersion coefficient [cm2/hr], q is the flow velocity [cm/hr], µ is
the first order decay coefficient for degradation [1/hr], t is time [hr] and z is depth [cm].
Under the assumption of constant water content and steady-state flow conditions in
soil, equation 6.1 simplifies to:
∂Ct
∂t
= θD
∂2C
∂z2
− q∂C
∂z
− µCt (6.2)
No volatilization is considered, therefore the total mass per unit volume of soil (Ct) is
given by:
Ct = θC + ρbS (6.3)
where S is the solute concentration sorbed onto solids [mg/Kg] and ρb is the soil bulk
density [Kg/L or g/cm3]. Mathematical sorption models are typically coupled with the
advection-dispersion transport equation (Magga et al., 2012) and several sorption models
107
are available to characterize the interaction between chemicals in solution and the solid
phase. Assumptions in sorption models may differ with respect to: a) the type of sorption
isotherm (S1, linear or non-linear), b) time dependency (S1, instantaneous - equilibrium
or S2, rate-limited - kinetic) and c) process reversibility (S3, reversible or irreversible)
(Wehrhan, 2006).
Equilibrium sorption produces symmetrical breakthrough curves (BTC) with no tail-
ing (Brusseau et al., 1992). However, asymmetric BTCs and tailing have widely been
reported for a variety of organic chemicals leached through porous media (Gamerdinger
et al., 1990). Early peaks on the BTC and increased tailing indicate the presence of
non-equilibrium (rate-limited) and non-linear sorption processes (Brusseau et al., 1992).
Non-equilibrium processes involved can be of physical (transport related) and/or chemi-
cal (sorption-related) nature (Brusseau et al., 1992; Mao and Ren, 2004). While physi-
cal non-equilibrium transport influences reactive and non-reactive tracers, chemical non-
equilibrium influences only the behavior of reactive tracers. Chemical non-equilibrium is
produced by differences in sorption processes between the chemical in the aqueous phase
and particular sorption sites (instantaneous and kinetic) of the solid phase (Brusseau et al.,
1992).
The total sorbed concentration is the sum of all sorption sites given by:
S = S1 + S2 + S3 (6.4)
where S1, S2 and S3 represent reversible-equilibrium, reversible-kinetic and irreversible
sorption processes. Equilibrium and kinetic sorption characteristics are described by equa-
tions 6.5 and 6.6, respectively. Kinetic sorption is usually represented as a first-order rate
process. Irriversible sorption is often represented as a first-order kinetic sink of the dis-
solved chemical in the aqueous phase (equation 6.7).
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Equilibrium
∂S1
∂t
= fKf
∂CN
∂t
(6.5)
Kinetic
∂S2
∂t
= α((1− f)KfCN − S2)− µs2S2 (6.6)
Irreversible
∂S3
∂t
=
θ
ρb
βC (6.7)
Sorption of organic compounds is typically characterized by the nonlinear Freundlich
isotherm, S = KfCN , where Kf is the Freundlich distribution coefficient [mg LN/Kg
mgN ] and N is the dimensionless Freundlich exponent. Linear sorption is a special case
of the Freundlich isotherm when N = 1. f is the fraction of exchange sites that are at
equilibrium and range from 0 to 1. β is the irreversible sorption rate coefficient [1/hr].
A schematic representation of the cross combination on the aforementioned sorption
assumptions is presented in Figure 6.1. Sorption with equilibrium Figures 6.1a and kinetic
6.1b sorption processes are considered reversible. Figure 6.1c considers two reversible
types of sorption sites: equilibrium and kinetics. Figures 6.1d and 6.1e also consider two
types of sorption sites where one of them is a reversible-equilibrium or reversible-kinetic
sorption processes and the second one is irreversible, respectively. Figure 6.1f presents
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three types of sorption sites: reversible-equilibrium, reversible-kinetic and irreversible.
Figure 6.1: Schematic representation of solute-soil distribution models where C represents
the concentration in the aqueous phase and S represents the concentration in the solid
phase. S1, S2 and S3 represent reversible-equilibrium, reversible-kinetic and irreversible,
respectively. Kf is the Freundlich sorption partition coefficient, N is the dimensionless
Freundlich exponent, f is the fraction of exchange site that are at equilibrium, β is the
irreversible sorption rate coefficient.
The objectives of this work were to assess the fate and transport of OTC in agricultural
soils, compare concentration levels in aqueous and solid phases to that concentrations that
select for antibiotic resistance, and identify the time range of antibiotic resistance selectiv-
ity. To the author’s knowledge, there have been no other reports of modeling the fate and
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transport of OTC in manure-amended soils that also include assessment of potential antibi-
otic resistance selectivity. A two-site, one rate, non-equilibrium model (Figure 6.1c) was
chosen as the appropriate model to assess the fate and transport of OTC on an agricultural
soil. The two-site one-rate model provides an increased degree of complexity considering
the non-equilibrium condition as compared to the ADE (Figure 6.1a). At the same time,
the two-site one rate model minimizes the number optimization parameters that would
have to be adjusted.
Transport parameters (v andD) are commonly determined from BTCs of non reactive
tracers. Partition coefficients (Kd = S/C or Cs/Cw) are typically obtained from batch
sorption experiments. Loss rates through transformation (µ) may be estimated from mass
balance analysis of the experimental chemical, from independent experiments, or by in-
verse fitting (Brusseau et al., 1992). Sorption related parameters (e.g. f , α, β) except Kd,
are difficult to measure. A common practice for estimating such parameters is by means
of inverse modeling techniques. Currently, limited data for OTC transport is available and
values for some parameters (f , α, β) have not been characterized specifically for OTC
in any soil type. Column transport experiments with Chlortetracycline (CTC) (Lee et al.,
2014) and Sulfadiazine (SDZ) (Wehrhan, 2006) used numerical inverse modeling tech-
niques to fit the Two-Sites, One Rate, Reversible model (Figure 6.1c) to experimental data
of BTCs and determined values for the parameters f and α. In the absence of values for
the parameters f and α for OTC transport, values characterized for CTC and SDZ were
used as surrogates.
6.2 Approach
Given the variability in the management of manure and agricultural practices, real-
istic worst case conditions were considered for simulations. Nitrogen is often the most
limiting plant nutrient for yield efficiency and financially advantageous crop production
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(Mikkelsen and Hartz, 2008). Corn was chosen as the target crop for manure application
estimates based on nitrogen demand. Corn has a high nitrogen demand due to its high
yield potential and is the most widely produced crop in the U.S. Also, manure applica-
tion for corn production is a common practice. Thus, the assessment is appropriate in the
Midwest part of the U.S. which has the largest corn production (Figure 6.2a), commonly
known as the "Corn Belt". Coarse to medium textured soils (well drained soils), such
as sandy loams and loam are best suited for corn production (Tacker et al., 2008; Lamb
et al., 2015). However, a wide range of soil types have produced corn successfully (Tacker
et al., 2008). A sandy loam textured soil was selected for simulation scenarios as it allows
higher water infiltration rates (EPA, 2012). Land application of liquid manure and sur-
face spreading of semi-solid manure with and without incorporation were considered as
manure management practices. Immediate incorporation minimizes nitrogen loss through
volatilization.
Swine manure is considered for this study as the source of manure due to the hog pro-
duction concentration in the Midwest of the U.S. (Figure 6.2b) (Mackie et al., 2006) which
accounts for two thirds of national production (Key et al., 2011). North Carolina also has
a high density of hog production operations (Key et al., 2011; Pornsukarom and Thakur,
2016), however North Carolina was not considered in this study. Typically, swine produc-
tion operations have been located near areas of copious corn production which provide a
low cost feed supply (Key et al., 2011). In a cyclic fashion, swine manure is used as fertil-
izer on crop fields. Swine manure is typically managed in lagoons and pit or tanks storage
structures (Key et al., 2011). Lagoons are large earthen containment basins that collect
manure and flushed wastewater. Manure pits are typically located underneath swine pro-
duction facilities collecting direct manure drops through slatted decks. Lagoons and pits
maintain a liquid and slurry consistency, respectively. Key et al. (2011) and Pornsukarom
and Thakur (2016) reported the use of pits as the dominant swine manure management
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Figure 6.2: Map of corn crop harvested for grain purposes (top) and swine production
(bottom) in the U.S. according to the USDA 2012 census of agriculture.
systems in the Midwest of the U.S. while lagoons are the preferred method in North Car-
olina. Changes in manure management practices between 1998 and 2009 are partially
attributed to increases in the cost of chemical fertilizers. Pit management systems provide
a higher nutrient conservation efficiency than lagoon systems (Key et al., 2011). Waste for
pit or tanks systems is commonly land applied as slurry or liquid and liquid waste from
lagoon systems is typically applied with irrigation technology (Key et al., 2011).
113
Slurry and diluted slurry application rates were determined based on nitrogen recom-
mendation rates of 240 lb N/acre-yr assuming a corn goal of 150 bushel/acre (Stichler and
McFarland, 1997) and an average nitrogen content of 6 lb/ton manure following proce-
dures from the Agricultural Waste Management Field Handbook (USDA, 2009b). Swine
manure, as excreted, is considered a slurry with 10 % of total solids (Figure 6.3) (USDA,
2009b). The slurry is diluted for liquid waste application scenarios assuming 15 gallons
of water added per cubic foot of slurry to reduce the percentage of solid from 10% to 3%.
Liquid waste application rates were selected based on soil texture to avoid ponding and
runoff (USDA, 2009b). Slurry and dilute slurry application rate estimates are presented
in Appendix E. Slurry and dilute slurry, both containing OTC, are assumed to be homo-
geneously mix into the incorporation zone. Thus, the mass of OTC is considered to be
homogeneously distributed along the soil depth.
Figure 6.3: Typical total solid content in different types of manure (USDA, 2009a)
Fate and transport scenarios were evaluated using the parameters and conditions se-
lected to reflect the aforementioned conditions: high nitrogen demand crop, average ni-
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trogen content in manure, well drained soil for corn production and related physical soil
properties (Table 6.1). A sensitivity analysis was performed to assess which parameters
would affected the most simulation results. The sensitivity analysis was performed at OTC
concentration of 48 µgOTC/Kgmanure reported from swine manure storage tanks (Jacob-
sen and Halling-Sørensen, 2006) and an average incorporation depth of 10 cm. Aqueous,
equilibrium sorption sites (type 1) and kinetic sorption sites (type 2) concentration results
were plotted versus time and grouped in the same figure for each individual parameter
assessment. For example, aqueous, equilibrium sorption sites and kinetic sorption sites
concentrations are presented in Figures F.2A-C, respectively.
The sensitivity of a model with respect to an input parameter is typically defined as the
change in concentration caused by the change in the parameter and is expressed as (Zheng
and Bennett, 2002e; Mao and Ren, 2004):
Xi,k =
∂Ci
∂ak
(6.8)
where Xi,k is the sensitivity coefficient of the model parameter kth evaluated at the ith
observation point. Equation 6.8 can be normalized in order to express all sensitivity co-
efficients in the same units and is defined as (Zheng and Bennett, 2002e; Mao and Ren,
2004):
X ′i,k =
∂Ci
∂ak/ak
(6.9)
Sensitivity of the model with respect to a particular parameter can be determine by using
a finite difference approximation given by:
Xi,k ≈ ∂Ci
∂ak
=
Ci(ak +∆ak)− Ci(ak)
∆ak
(6.10)
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Table 6.1: Summary of values utilized for simulations
Parameter Description Value Units
Crop Corn
Crop yield 150 bushel/acre
Length of growing season 120 days
Crop nitrogen (N) demand 240 lb N/acre
Manure source Swine manure
Manure composition Solid (aged )
Liquid
Manure N content a 6 d lb N/ tonmanure
Manure N content (liquid) 0.9 lb N/1000 galmanure
Manure density (as excreted) 0.99 e Kg/L
OTC in manure 48 m & 29000 n µgOTC /kgmanure
Incorporation depth 10 & 25 cm
Soil type Sandy Loam
ρb Bulk density 1.4 f g/cm3 or Kg/L
θ Volumetric water content 0.2 cm3/cm3
v Pore water velocity 2.1 g,h cm/hr
D Dispersion 3.1 g cm2/hr
λ Dispersivity 1.5 cm
Kf Partition Coefficient 665 i mg LN /Kg mgN
N Exponent 0.75
f
Fraction of equibrium
sorption sites
0.05 j & 0.20 k
α
First order kinetic rate
coefficient
0.003 k & 0.12 j 1/hr
DT50l Half life in aqueous phase 33
l days
µl
First order decay rate for
aqueous phase
0.0009b 1/hr
DT50s1,s2 Half life in solid phase 33 & 8.25
c days
µs1 , µs2
First order decay rate for
solid phase
0.0009c & 0.0035b 1/hr
a Storage pit beneath slotted floors (USDA, 2009b). b Decay rate was estimated by α =
ln(2)
t1/2
, where t1/2 is the manure-amended soil half-life (Wang and Yates, 2008).
c µs assumed 25% of half-life in aqueous phase. d(USDA, 2009b) e(Lorimor et al., 2004)
f (NRCS, 2008) g(Singh et al., 1996) h(Fedler and Borreli, 2001) i(ter Laak et al., 2006a)
j(Lee et al., 2014) k(Wehrhan, 2006) l(Wang and Yates, 2008) m(Jacobsen and Halling-
Sørensen, 2006) n(Brambilla et al., 2007)
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where ∆ak is a small change in the perturbed parameter. Equation 6.10 expressed in
normalized form is given by:
Xi,k ≈ ∂Ci
∂ak
=
Ci(ak +∆ak)− Ci(ak)
∆ak/ak
(6.11)
The two-site, one-rate, non-equilibrium model was run with three different values of
the assessed parameter while keeping the remaining variables constant. For example, each
run used values for the soil bulk density (ρb) of 1.2, 1.4 and 1.6 g/cm3, representing
ak − ∆ak, ak, and ak + ∆ak, respectively. The values for the remaining variables are
listed in Table 6.1. Aqueous, equilibrium sorption site (type 1) and kinetic sorption site
(type 2) concentrations at 2.94 days and a depth of 10 cm are summarized in Table F.1.
Concentrations at 2.94 days were chosen as the ith observation point for the sensitivity
analysis because resulted in the maximum value for the time dependent concentration
curves of the base case (ak). Sensitivity coefficients estimated using equation 6.11 are
presented in Figure 6.4 and Table F.2.
The assessment highlighted different parameters as most sensitive for each type of
concentration. For the aqueous concentration, the parameters that resulted with the highest
normalized sensitivity coefficients are: the soil bulk density (ρb), the partition coefficient
(Kd), the Freundlich isotherm exponent (N ) and the OTC concentration in manure (Figure
6.4A). For equilibrium site concentrations, the highest normalized sensitivity coefficients
are: the soil bulk density (ρb), the available fraction of sorption sites at equilibrium (f ), the
OTC concentration in manure and the Freundlich isotherm exponent (N ) (Figure 6.4B).
For kinetic site concentrations, the highest normalized sensitivity coefficients are: the soil
bulk density (ρb) and OTC concentration in manure (Figure 6.4C). The available fraction
of sorption sites at equilibrium (f ), the first order kinetic rate coefficient (α), and the
degradation rate coefficient in the solid media also appear as sensitive for the kinetic sites
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AB
C
Figure 6.4: Normalized sensitivity coefficients for each parameter for the Aqueous (A)
and solid concentrations (at equilibrium (B) and time dependent (C) sorption sites). Blue
bars designate normalized sensitivity coefficients for backward simulation run (ak−∆ak).
Green bars designate normalized sensitivity coefficients for forward simulation run (ak +
∆ak).
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concentrations, however, on a much lower scale.
Overall, the assessment revealed the following seven (7) parameters as the most sensi-
tive: 1) fraction of exchange sites to be at equilibrium (Type 1 sites) (f , Figure F.1); 2) soil
bulk density (ρb, Figure F.2); 3) Freundlich isotherm exponent (N , Figure F.3); 4) first or-
der kinetic rate coefficient (α, Figure F.4); 5) first order decay coefficient for the adsorbed
phase (µs, Figure F.5); 6) partition coefficient (Kd, Figure F.6); and 7) the concentration
of OTC in manure (Figure F.7). The parameters θ (Figure F.8), v (Figure F.9), D (Figure
F.10) and µL (Figure F.11) did not present significant differences in compared simulations
for aqueous, equilibrium site and kinetic site concentrations (Table F.1 and F.2).
Given that ρb is dependent in part on soil texture, a fixed value was chosen in agreement
with the soil type (sandy loam) for all simulated cases (Table 6.1). Scenarios were modeled
with two alternative values for each of the remaining sensitive parameters (e.g. f = 0.05
and 0.20; α = 0.003 and 0.12 1/hr; DT50s = 33 and 8.3 days). Minimum and maximum
values of OTC concentrations in aged manure that have been reported by Jacobsen and
Halling-Sørensen (2006) and Brambilla et al. (2007) from waste storage tanks at swine
production farms were used for simulations. Initial and boundary condition calculation
procedures are detailed in Appendix E for surface and liquid application of manure.
Estimated slurry application rates (L/m2), presented in Table 6.2, are similar among
application rates reported in U.S. studies but approximately three times higher than studies
from the UK (Table 6.3). OTC loading rates into soil (µg/m2) reported for the experimen-
tal studies in Table 6.3, which had a range of objectives including runoff, transport, per-
sistence and ARB selection assessment, are within the range used for modeled scenarios
in this works which are presented in Table 6.2. Simulations evaluated low and high OTC
loading for the wide range of concentrations reported in experimental studies. Minimum
and maximum OTC concentrations in swine manure were selected, rather than average
or mode concentrations, due to the wide variability of manure application rates and agri-
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cultural management practices, instead of the manure application rate. Thus, simulation
results represent a lower and upper boundary of experimental studies and field conditions
currently happening.
6.3 Results
Resultant concentrations from simulated scenarios were plotted versus time and at
various depths (Figures 6.5 to 6.36). Each figure denotes a scenario and represents one of
the possible combinations of parameter values presented in Table 6.1. Simulations with
minimum OTC concentration in manure (48 µg/Kg) are not shown since all simulations
were below the sublethal-minimum inhibitory concentrations (sub-MIC) selectivity re-
gion. Also, simulations with maximum OTC concentration in manure (29mg/Kg) mixed
to a depth of 25 cm resulted in aqueous, type 1 sorption site and type 2 sorption site con-
centrations below potential selectivity levels.
Each of the figures presented has three graphs labeled A, B and C which represent
time dependent concentration for aqueous, equilibrium sorption (Type 1) sites and kinetic
sorption (Type 2) sites, respectively. In addition, sub-MIC and traditional resistant selec-
tive regions (Table 6.4) are superimposed on each graph (A,B and C) in order to visually
compare simulation results with antibiotic selective ranges.
6.3.1 Surface application of manure
For surface application of manure without incorporation , all aqueous phase concen-
trations with a slow first order kinetic rate coefficient (α = 0.003) are below the sub-MIC
selective region (Figures 6.5A, 6.7A, 6.9A and 6.11A). Using a faster first order kinetic
rate coefficient (α = 0.12) resulted in concentrations in the top soil layer (z < 1.0 cm)
to be within the selective window for less than five days (Figures 6.6A, 6.8A, 6.10A and
6.12A). Concentrations of type 1 (equilibrium) sorption sites on the top layer are inside the
sub-MIC selective region for all the cases (Figures 6.5B to 6.12B). Concentration of type
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Table 6.4: Sublethal and traditional minimum inhibitory concentration ranges for Oxyte-
tracycline in aqueous and solid media
Type of
media
Selective
region
Lower
boundary
Upper
boundary
Reference
Aqueous
(ng/mL)
Sub-MIC 78.5 1000
Thiele-Bruhn and
Beck (2005)
Traditional 1000 2000
Thiele-Bruhn
(2005)
Solid
(µg/kg)
Sub-MIC 930 31,200
Thiele-Bruhn and
Beck (2005)
Traditional 31,200 200,000
Peng et al.
(2014)
2 (kinetic) sorption sites are within the traditional and sub-MIC selective region (Figures
6.5C to 6.12C).
Under the assumption of 10 cm incorporation, all aqueous concentration are below
the sub-MIC selective window at all depths (Figures 6.13A to 6.20A). All type 1 sorption
site concentrations are below the sub-MIC selective region (Figures 6.13B to 6.20B). Al-
though, when the available equilibrium sorption sites are increased to f = 0.20, the sorbed
concentration also increased (Figures 6.17B to 6.20B), but is still below the selection zone.
Type 2 sorption site concentrations are inside the selective region for all cases throughout
the entire mixing zone for up to 40 days. Low (µs = 0.00088) and high (µs = 0.0035)
decay values reduce concentrations to levels below selectivity after approximately 40 days
(Figures 6.13C, 6.14C, 6.17C and 6.18C ) and 10 days (Figures 6.15C, 6.16C, 6.19C and
6.20C), respectively .
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6.3.2 Liquid application of manure
Aqueous concentrations for the scenarios of liquid manure application and no incor-
poration resulted in levels below the sub-MIC selective region for all cases (e.g. f = 0.05
and 0.20; α = 0.003 and 0.12; µs = 0.00088 and 0.0035) (Figures 6.21A to 6.28A). Type
1 (Figures 6.21B to 6.28B) and Type 2 (Figures 6.21C to 6.28C) sorption site concentra-
tions are within the sub-MIC selective region throughout the entire simulation (120 days)
for all the cases of f , α, and µs.
Simulations of liquid manure application assuming 10 cm of incorporation and max-
imum OTC resulted in only type 2 sorption site concentrations inside the sub-MIC se-
lective region for up to 30 days (Figures 6.29C, 6.30C, 6.33C and 6.34C) and 15 days
(Figures 6.31C, 6.32C, 6.35C and 6.36C) for cases of low decay (µs = 0.00088) and high
decay(µs = 0.0035), respectively. Aqueous (Figures 6.29A to 6.32A and 6.33A to 6.36A)
and type 1 site (Figures 6.29B to 6.32B and 6.33B to 6.36B) concentrations were below
the potential selectivity region.
6.4 Discussion
Our simulation results consider worst case scenarios with a high nitrogen requirement
in combination with minimum and maximum OTC concentrations reported in aged swine
slurry. The effects of OTC complexation with divalent cations (ter Laak et al., 2006a) and
dissolved organic matter (DOM) (Chen et al., 2015) known to potentially interfere with
soil sorption were not considered. Overall, modeling results show persistence and potential
accumulation following additional slurry applications. Simulations with minimum OTC
in manure (48 µg/Kg) resulted in concentrations in aqueous and solid media below the
sub-MIC selection region.
A summary of the concentration levels at the end of the corn growing season (approx-
imately 120 days) is presented in Tables 6.5 and 6.6. Overall, by the end of the simulation
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time, scenarios which assumed slurry application (Table 6.5) and incorporation depth of
10 cm resulted in concentration levels in the solid media below the sub-MIC selection re-
gion (930 to 31,200 µg/kg). However, potential selection of antibiotic resistant bacteria
was present from 5 to 50 days. Scenarios assuming slurry application (Table 6.5) and no
incorporation depth resulted in concentration levels in the solid media within the sub-MIC
selection region throughout the entire simulation. These results suggest that, under the
conditions established in Tables 6.1 and 6.2, concentrations of OTC in manure in the order
of 29 mg/kg have the potential to select for antibiotic resistant bacteria, specially if no
incorporation of manure is done.
Scenarios assuming liquid application of manure (Table 6.6) and no incorporation re-
sulted in potential selectivity through the simulation period (120 days). In contrast, ho-
mogeneous incorporation to a depth of 10 cm resulted in potential selectivity to up to 30
days. By the end of the growing season, concentration levels for scenarios assuming liquid
application of manure (Table 6.6) were significantly lower than their equivalent scenarios
of (undiluted) slurry application (Table 6.5). These results highlight the effect of dilution.
It is important to emphasize that the OTC concentrations in manure used for the sim-
ulations, 48 µg/Kg (minimum) and 29 mg/Kg (maximum), correspond to the lowest
and highest reported concentrations for aged swine manure (see Figure 2.3), respectively.
Concentrations for fresh swine and cattle manure have been reported up to 136 mg/Kg
(swine) (Winckler et al., 2004) and 871.7mg/Kg (cattle) (de Liguoro et al., 2003). These
concentrations are approximately more than 4.5 and 30 times higher than the maximum
OTC concentration in aged swine manure used for the simulations in this work, respec-
tively. Land application of fresh manure with OTC concentrations on the order of 103
mg/Kg could reach concentrations in the solid media within and above the traditional
selective window (31,200 to 200,000 µg/kg).
Concentrations above the traditional selective window are expected to cause a mortal-
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Table 6.5: Summary of OTC concentration levels in the solid media by the end of the corn
growing season for scenarios assuming slurry application of manure
f µs
Depth
(cm)
OTC in solid media
by the end of
simulations (µg/kg)
Selectivity range
by the end of
simulations
∗Time inside
the selection
region (days)
5%
8.8x10−4
0 > 2500 Sub-MIC 120
10 > 200 ∗No selection 50
3.5x10−3
0 > 2500 Sub-MIC 120
10 > 150 No selection 15
20%
8.8x10−4
0 >11000 Sub-MIC 120
10 > 600 No selection 35
3.5x10−3
0 >11000 Sub-MIC 120
10 > 500 No selection 5
*No selection indicates that concentration is below the sub-MIC selective region
ity effect among the soil microbial population and could potentially cause adverse effect in
soil fauna and plants development. Effects of no mortality have been reported for Eisinia
foetida S. at OTC concentrations of 100x103 µg/kg (Boleas et al., 2005). Lowest observed
effect concentration (LOEC) values greater than 5,000x103 µg/kg have been reported for
soil fauna including: F. fimetaria, E. crypticus and A. caliginosa (Baguer et al., 2000).
Effect on plant development have been observed on plants (Triticum aestivum L. and pinto
beans) at concentrations of 160x103 µg/kg.
Our results are in agreement with observations made by Kay et al. (2005a) and Black-
well et al. (2007) who reported that OTC largely remained in the top soil layer. These
results demonstrated reduced mobility of OTC. In other words, OTC remained within the
incorporated mixing zone. Soil concentrations were reported to be 526 µg/kg after 64
days after incorporation to 10 cm (Kay et al., 2005a) and 1000 µg/kg after 127 days after
surface application with no incorporation (Blackwell et al., 2007). Modeled scenarios in
our work assumed similar incorporation practices. Simulations resulted in soil concentra-
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Table 6.6: Summary of OTC concentration levels in the solid media by the end of the corn
growing season for scenarios assuming liquid application of manure with maximum OTC
f µs
Depth
(cm)
OTC in solid media
by the end of
simulations (µg/kg)
Selectivity range
by the end of
simulations
∗Time inside
the selection
region (days)
5%
8.8x10−4
0 > 1500 Sub-MIC 120
10 > 100 No selection 30
3.5x10−3
0 > 1500 Sub-MIC 120
10 > 100 No selection 10
20%
8.8x10−4
0 >5000 Sub-MIC 120
10 > 300 No selection 30
3.5x10−3
0 >5000 Sub-MIC 120
10 > 300 No selection 10
*No selection indicates that concentration is below the sub-MIC selective region
tion ranges, expressed as the sum of equilibrium and kinetic site concentrations, in the or-
der of 103 µg/kg (Figures 6.13, 6.14, 6.17 and 6.18).Transport parameters for Kay et al.’s
(2005a) and Blackwell et al.’s (2007) experimental studies were not explicitly measured.
Therefore, the predictive capability of the Two-Site, One-Rate, Reversible model cannot
be tested with these studies. However, reported concentrations could be compared for the
mass of OTC applied to the soil and incorporation depth. OTC loading into soil used in
both experiments were 84,825 µg/m2 (Kay et al., 2005a) and 86,460 µg/m2 (Blackwell
et al., 2007) which are within the range simulated in our work (Table 6.2).
Sorption is a dominant process affecting the fate and transport of pesticides, antibiotics
and other organic compounds in soil (Magga et al., 2012). Particularly in this work, the
availability of equilibrium sorption sites (f ) and the amount of OTC in the manure are
two determinant parameters affecting OTC concentration levels in soil, followed by soil
density (ρb), partitioning (Kd), decay in the solid medium (µs), and the sorption kinetic
rate (α). As time passes, changes of microbial population, organic matter, redox poten-
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tial and pH in the soil are expected to result in the release of OTC-bound residues in soil
under natural conditions (Hamscher et al., 2002). This time dependent release behavior
has been previously reported for the Tetracycline class of antibiotics. A study by Liu et al.
(2015) reported soil-bound antibiotic release behavior with increasing time. The short
term experiment, approximately 20 days, showed increased extractable amounts of OTC
with different aging times in the presence of horsebeans (Liu et al., 2015). In a monitoring
study performed with Tetracycline (TC) and Chlortetracycline (CTC), sandy agricultural
soils were fertilized with swine liquid manure on April 2000 and 2001 and sampled on
May and November of 2000 and May 2001 (Hamscher et al., 2002). Hamscher et al.
(2002) reported an increase in soil TC concentration from 40 µg/kg (November 2000)
to 110 µg/kg (May 2001) which was greater than expected based on the corresponding
liquid manure application (21 µg/kg). The observation of greater concentration than ex-
pected was attributed to possible TC release from the previous fertilizer application and
suggest TC sorption as a reversible process and possible non-equilibrium sorption. These
observed processes of reversibility and non-equilibrium suggest that the two-site, one rate,
non-equilibrium model used for simulations in this work is adequate for OTC transport
assessment in soil media.
Land application of manure from conventional concentrated animal feeding operations
(CAFOs) that practice prophylactic and growth promotion use of antibiotics can introduce
to soil the following constituents: nutrients for plant growth; ARBs carrying resistant
genes which might be transferred to other bacteria (Davison et al., 2000); and bioactive
antibiotic and antibiotic metabolites which can potentially select for antibiotic resistance
(Heuer et al., 2009; Zwonitzer et al., 2016). The occurrence of antibiotics, ARBs and
ARGs in soil, water and sediment have been widely reported in several studies performed
in various countries (Sengeløv et al., 2003; Schmitt et al., 2006; Mackie et al., 2006; Ghosh
and LaPara, 2007; Peak et al., 2007; Knapp et al., 2008; Heuer et al., 2011; Shentu et al.,
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2015; Popowska et al., 2010; Pornsukarom and Thakur, 2016). While the presence of
antibiotic, ARBs and ARGs has a synergic effect in the selection, prevalence and spread of
antibiotic resistance, our work focuses on the assessment of residual OTC concentrations
in soil media and its potential pressure for antibiotic resistance selectivity.
The selective ability of an antibiotic for bacterial resistance can be assessed by differ-
ent methodologies. Phenotypic (growth patterns), genotypic (presence of genes) or tax-
onomic (community composition) assays can disclose distinct endpoints (Davison et al.,
2000) as was reported by Lundström et al. (2016) for tetracycline in complex bacterial
communities. A phenotypic resistance assay may evaluate the ability of bacteria to toler-
ate antibiotic concentrations, based on colony forming units (CFU) count or MIC ranges
from an exposure-response experiment in which resistance is developed either by muta-
tion, gene acquisition or both Davies (1997). A genotypic resistance assay can evaluate
the selective ability of novel resistant genes which may be mobilized and cause horizontal
transference (movement of genetic material). A taxonomic resistance assay can evaluate
changes in microbial activity or indices such as, diversity, richness or evenness relative to
basal levels (Lundström et al., 2016).
Relative to phenotypic resistance, several laboratory studies have reported the enrich-
ment of antibiotic resistance at concentrations that are several orders of magnitude below
the minimal inhibitory concentration (MIC) of susceptible strains (Kohanski et al., 2010;
Gullberg et al., 2011; Liu et al., 2011; Quinlan et al., 2011; Lundström et al., 2016). How-
ever, the sub-MIC thresholds reported (where antibiotic resistant bacteria starts to outnum-
ber susceptible strains) are for aqueous media, and data are limited for the solid media.
Peng et al. (2014) reported inhibitory concentrations of soil-bound OTC in the range of
100 to 200mg/kg (reduction in CFU of E.coli ATCC25922 by 50 and 90%, respectively).
The potential for ARB generation has been verified by testing for the presence of specific
resistant genes in manure and soil media.
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OTC concentrations applied into soil in our work (Table 6.2) are comparable to those
from Shentu et al. (2015) which ranged from 16 to 570 µg/kg. Shentu et al. (2015) re-
ported a strong positive correlation for tet(M) and tet(Q) resistance genes with residual
OTC concentrations in soil. The same study found an increased abundance of tet(A),
tet(L), tet(M) and tet(Q) genes in soil following the application OTC-spiked swine ma-
nure. Swine manure was collected from a farm with no history of antibiotic use in feed.
Manure was spiked with OTC to concentration ranges of 500 to 17500 µg/kg and applied
to soil on 10 occasions every two weeks, simulating high frequency of waste disposal and
low OTC loading into soil. Schwaiger et al. (2009) demonstrated that tetracycline levels
in swine manure lead to higher doxycycline minimum inhibitory concentrations (MICs)
in E. faecalis, genetically based on co-occurrence of tet(M) and tet(L). Strains carrying
tet(M), tet(L), both or neither genes were isolated from manure samples containing mean
antibiotic concentrations of 510, 1180, 4080 and 350 µg/kg, respectively. These observa-
tions are in agreement with simulated results from maximum OTC and no incorporation
scenarios where OTC-soil bound concentrations are within the sub-MIC selective region
potentially selective for antibiotic resistance. Thus, frequent disposal of waste with OTC
content in the range of 103 to 105 µg/Kg can select and increase the abundance of antibi-
otic resistant genes, such as tet(M) and tet(Q).
In contrast, another study concluded that high levels of OTC in manure were not rele-
vant for the antibiotic resistant genes persistence in soil (Kyselková et al., 2013). The study
reported the presence of tetracycline resistant genes in cattle manure regardless of antibi-
otic intake. Kyselková et al. (2013) reported no significant differences in the abundance
nor total number of tetracycline resistant genes detected in soil that repeatedly received
either treatments (OTC-contaminated and OTC-free manure). However, the behavior of
individual genes was significantly different.These results demonstrate that the fate of tet
genes in manure-amended soils depends on the mobile genetic elements and the host bac-
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teria carrying the resistant gene (Kyselková et al., 2013; Chessa et al., 2016). Even though
this results are contradictory to our assessment, it can be argued that the objetive of the
study was to assess the persistence in soils of antibiotic resistant genes present in manure.
Thus, soil sample were assessed only for the presence or absence of those specific genes
previously detected in manure. In other words, the approach followed for the microcosm
study may have underestimated the potential selection for antibiotic resistance because of
the limited scope of gene been monitored in soil.
Regarding a taxonomic resistance endpoint, our work simulated OTC loading into
soil comparable to those from Thiele-Bruhn and Beck (2005) which reported reduced
substrate-induced respiration and Fe(III) reduction at relevant agricultural OTC loadings
in a sandy loam soil. OTC loading of 930 and 31200 µg/kg might be comparable to
scenarios of surface application considering maximum OTC with 25 cm of incorporation
depth and liquid application of manure considering maximum OTC without incorporation
(Table 6.2), respectively. Thus, a selective pressure on soil microbial populations is ex-
pected in cases with OTC loading in the order of 104 µgOTC/Kgsoil based on results from
the simulated scenarios.
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Figure 6.5: Predicted time dependent aqueous concentration (A), equilibrium sorption site
(Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC
assuming surface application of manure without incorporation, maximum OTC, f = 0.05,
α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.6: Predicted time dependent aqueous concentration (A), equilibrium sorption site
(Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC
assuming surface application of manure without incorporation, maximum OTC, f = 0.05,
α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.7: Predicted time dependent aqueous concentration (A), equilibrium sorption site
(Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC
assuming surface application of manure without incorporation, maximum OTC, f = 0.05,
α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.8: Predicted time dependent aqueous concentration (A), equilibrium sorption site
(Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC
assuming surface application of manure without incorporation, maximum OTC, f = 0.05,
α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.9: Predicted time dependent aqueous concentration (A), equilibrium sorption site
(Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC
assuming surface application of manure without incorporation, maximum OTC, f = 0.2, α
= 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.10: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure without incorporation, maximum OTC, f =
0.2, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.11: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure without incorporation, maximum OTC, f =
0.2, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.12: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure without incorporation, maximum OTC, f =
0.2, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.13: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.05, α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.14: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.05, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.15: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.05, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.16: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.05, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.17: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.2, α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.18: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.2, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.19: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.2, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.20: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation, maximum OTC,
f = 0.2, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.21: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.05, α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.22: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.05, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.23: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.05, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.24: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.05, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.25: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.20, α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.26: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.20, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.27: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.20, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.28: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure without incorporation, maximum OTC, f =
0.20, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.29: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.05, α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.30: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.05, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.31: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.05, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.32: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.05, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.33: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.20, α = 0.003 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.34: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.20, α = 0.12 1/hr, and µs1 = µs2 = 0.00088
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Figure 6.35: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.20, α = 0.003 1/hr, and µs1 = µs2 = 0.0035
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Figure 6.36: Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming liquid application of manure with 10 cm incorporation, maximum OTC, f
= 0.20, α = 0.12 1/hr, and µs1 = µs2 = 0.0035
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6.5 Environmental significance
The selection and spread of antibiotic resistance is a worldwide human health concern.
The use of antibiotics in large scale livestock production operations, followed by land ap-
plication of manure, is a common agricultural practice around the world which can be a
direct route of entry of antibiotics, ARBs and ARGs to the ecosystem (Williams-Nguyen
et al., 2016). Several of studies have addressed the fate and occurrence of antibiotics in the
different environmental compartments (soil, surface water, groundwater, sediment); how-
ever studies that evaluate the potential to harbor resistance is limited. The human health
risk posed by ARBs originating from land application of antibiotic-associated manure has
not been proven, but is presumed to be an indirect exposure pathway.
This study demonstrated the effects of dilution due to the incorporation of manure in
soil and a reduced OTC concentration in the land applied manure as important elements to
minimize the potential selection for antibiotic resistance. Incorporation of manure reduces
odor problems and conserves nitrogen by minimizing ammonia volatilization. However,
incorporation of manure in soil is not always possible. Thus, implementing manure man-
agement practices (e.g. stockpiling, composting, etc.) to reduce OTC concentrations in
manure, seems as a better option to minimize the potential selection of antibiotic resis-
tance.
Biotic and abiotic (temperature, aeration, light) processes have been reported to reduce
OTC concentrations in manure. Several authors have highlighted temperature as the most
important factor to diminish OTC concentrations in manure (Ratasuk et al., 2012; Wang
and Yates, 2008). Others have studied different treatment techniques for the removal of
OTC in manure, including anaerobic digestion, stockpiling, composting and sun drying
(Arikan et al., 2006; Storteboom et al., 2007; Arikan et al., 2009; Ratasuk et al., 2012;
Amarakoon et al., 2016). Kinetic studies have demonstrated that OTC removal efficiencies
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can range from 59% - 99% and half-lives from 0.4 to 56 days. Hence, proper storage and
manure management treatments for OTC-associated manure can be critical in reducing
OTC concentrations prior to manure land application and reduce the risk of antibiotic
resistant bacteria developing due to land application of manure.
6.6 Conclusions
The model predicted soil bound OTC remained in the mixing zone over the period
of simulation indicating minimal mobility. OTC remained within the incorporation re-
gion, suggesting reduced potential to reach groundwater sources. The scenarios of surface
and liquid manure application assuming minimum OTC resulted in aqueous, equilibrium
and kinetic site concentrations below the selection region throughout the entire simulation
time.
Comparison of our work and results from the studies discussed, show OTC concen-
trations in soil at levels with the potential to exert a selective pressure. Ranges of OTC
residual levels have been reported to cause selection, accumulation and promote horizon-
tal gene transfer. Greater depth of manure incorporation reduced concentrations levels in
aqueous and solid media. Liquid application of the slurry required addition of water to
reduce the solids fraction in the waste which at the same time diluted OTC concentrations
in the liquid waste.
At the moment, no experimental data is available for comparison of simulated soil
conditions which highlights the need of research that investigate the fate, transport and
dynamics of amended soils with OTC-contaminated manure. Research studies that assess
the effect of soil-bound OTC at the sub-MIC and traditional level on soil microbial com-
munities are also required to validate the antibiotic resistance selection assessment in this
work.
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7. SUMMARY AND CONCLUSIONS
The increased use and overuse of antibiotics in livestock production has resulted in the
release of antibiotics, antibiotic resistant bacteria (ARBs) and antibiotic resistant genes
(ARGs) into the environment and land application of animal waste is a significant source.
Land application of animal manure is a worldwide common agricultural practice due to
its value as a nutrient supply and as a low cost disposal method of animal waste. Conse-
quently, the question is: Does OTC in manure and current animal waste management
practices introduce OTC to the soil environment at concentrations that could potentially
select for antibiotic resistance?
An extensive literature review for the occurrence of Oxytetracycline (OTC) in various
aqueous and solid media revealed that approximately 80% of the reported OTC concen-
trations were from solid media. The origins include: sediment, sludge, fresh and aged
manure and soil. Soil medium had the highest number of observations followed by sedi-
ment from fish farms. Concentrations range from 10−1 µg/kg to 103 µg/kg from soil and
101 µg/kg to 105 µg/kg from fish farms. Fresh and aged manure concentrations range
from 101 µg/kg to 105 µg/kg and 101 µg/kg to 104 µg/kg, respectively. These ranges
reflect management of manure for different animals and agricultural practices for countries
all over the world.
Manure associated-OTC concentrations indicate the potential for OTC to be introduced
into soil medium from land application management practices. Land application of animal
waste has been identified as a large areal scale means of antibiotic introduction (OTC
in this case), antibiotic resistant bacteria (ARBs) and antibiotic resistant genes (ARGs)
which could potentially facilitate the development of ARBs, accelerate the evolution of
organisms, and mobilize and transfer ARGs to pathogens and other bacteria.
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Experimental studies of antibiotic resistance selection have demonstrated Tetracycline
(Gullberg et al., 2011; Quinlan et al., 2011; Liu et al., 2011; Lundström et al., 2016) and
Oxytetracycline (Peng et al., 2014) resistance enrichment in aqueous media at concentra-
tion levels as low as µg/L . Even though OTC and other members of the Tetracycline
family of antibiotics sorbs strongly to soils and retain antimicrobial activity (Peng et al.,
2014), limited data is available on concentration levels of soil-bound OTC and their selec-
tion for antibiotic resistance.
OTC has been reported by several authors (Jones et al., 2005; Figueroa et al., 2004;
Figueroa andMacKay, 2005; Aga et al., 2005; Chander et al., 2005; ter Laak et al., 2006b),
to sorb strongly to soil components, such as aluminosilicates, organic matter and metal
oxides, through multiple mechanisms and has been identified as persistent (half-life of 33
days in manure amended soil). Reported sorption mechanisms include: cation and anion
exchange, cation bridging, surface complexation and hydrophobic partitioning. Partition
coefficients (Kd) in soil samples range from 115 to 269,097 L/kg.
Given the strong sorption, high variability and complex interaction of OTC and soils
components, a model to predict partition coefficients based on soil properties was devel-
oped (equation 3.1, chapter 3). The analysis process of the available data on OTC-soil
sorption highlighted the importance of the electrolyte solution on the sorption process.
CaCl2 is typically used in sorption experiments as the aqueous solvent to improve cen-
trifugation and minimize exchange of cations. However, in the case of OTC, calcium-OTC
complexation and competition of sorption sites may occur altering quantification of the
soil sorption partition coefficient (Kd). Even sorption studies, with the same soil samples,
performed with buffer solutions 1,4-piperazinediethanesulfonic acid (PIPES) and 2-(N-
morpholino)ethanesulfonic acid (MES) showed discrepancies in Kd (Figure 3.6). These
observations highlight the importance of the methodology selected to evaluate OTC sorp-
tion on soils. Overall, additional sorption studies using PIPES as electrolyte solute are
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required to test the applicability of the model developed for Kd predictions.
The developed model for Kd estimations was the result of a multiple stepwise regres-
sion (MSR) which identified cation exchange capacity (CEC), organic matter (OM) and
free or crystalline aluminum and iron oxides extracted by dithionite citrate bicarbonate
(DCB (Al+Fe)). These parameters were determined to dominate the behavior of OTC
with soil. The data utilized for the MSR was that from Figueroa et al. (2010) which used
PIPES as electrolyte solution for the sorption experiments. Equation 3.1 explained about
95% of the variation on measured Kd (Figure 3.3).
To date, the fate and transport of OTC in soils and resulting concentrations levels from
land application of OTC-contaminated manure have not been modeled based on field data.
Thus, one of the objectives of this dissertation was to assess the fate and transport of OTC
in soil (spatially and temporarily) as a result of different management practices including:
swine manure application as a liquid or slurry on a sandy loam soil considering 0, 10 and
25 cm of incorporation depth. To this end, another goal was to compare simulated aqueous
and solid concentrations with reported OTC concentrations as potential selective levels for
antibiotic resistance.
To address this issue, a two-site, one-rate, non-equilibrium model (equations 4.50,
4.51 and 4.54) was selected for simulating the mobility of OTC in a sandy loam soil. This
model was chosen because: 1) it has repeatedly been proven to improve mobility modeling
approximations for many pesticides in comparison with the classical advection-dispersion
equation (ADE); 2) it includes a kinetic-mass transfer rate which can simulate a release
of OTC-bound residues un soil, a behavior that has been previously reported for OTC and
other Tetracyclines (Hamscher et al., 2002; Liu et al., 2015); and 3) it offers a higher degree
of complexity without increasing the level of uncertainty for parameters included in the
model that are difficult to quantify. The two-site, one-rate, non-equilibrium model does
not have an exact solution, therefore the Finite Difference method (chapter 5) was used to
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approximate a solution of the partial differential equations (PDEs) (equations 4.50, 4.51
and 4.54) that constitute the model.
By running a wide range of scenarios, the model predicted the conditions that would
result in potentially generating antibiotic resistance due to OTC exposure. Simulation
results predicted OTC concentration levels in soil within the sub-MIC selection window
for the cases of slurry application considering maximum OTC in manure (29 mg/kg)
and incorporations depths of 0 and 10 cm. Simulated results of liquid manure and surface
application considering minimum OTC in manure (48 µg/kg) are not presented since con-
centrations in manure were significantly below the sub-MIC selective region. For the cases
of liquid manure application considering maximumOTC in manure (29mg/kg) and no in-
corporation, simulation results predict concentrations in soil within the sub-MIC selection
window throughout the entire simulated time (120 days). For the cases of liquid manure
application also considering maximum OTC in manure and 10 cm incorporation depth,
simulation results predict concentrations in soil within the sub-MIC selection window for
up to 30 days.
These observations demonstrate that concentrations of OTC in manure on the order of
29 mg/kg can result in soil-bound concentrations levels that could potentially select for
antibiotic resistant bacteria, particularly, in cases where no incorporation is implemented.
Regulatory policies for animal manure and wastewater are designed to control the level of
nutrients and microorganisms that might impact surface water, groundwater and amended
soils. However, such regulation policies do not provide controls for antibiotics, ARBs and
ARGs introduced to the soil and surrounding environments that may exert a selective pres-
sure and contribute to the development and dissemination of antibiotic resistance among
bacterial populations. Currently, the European Union has regulatory limits for antibiotic
concentrations in soil of 100 µg/kg. As is presented in this work, typical manure amend-
ment rates and ranges of reported OTC concentration in manure show the potential for
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harboring resistance.
Although controversy emerged in the scientific community over the use of antibiotics
in animals for non-therapeutic purposes (as growth promoters) due to the potential of de-
veloping antibiotic resistant bacteria and exposure of humans, the debate still continues
in the United States and other countries. The risk posed to humans by antibiotic resis-
tant bacteria originating from agriculture practices has not been clearly established, but is
likely an indirect pathway of exposure.
OTC concentrations in swine manure together with current waste management prac-
tices of land application of manure as fertilizer present the potential of selection for antibi-
otic resistance. There is a need of more research studies that assess the microbial activity
of soil-bound OTC to compare OTC concentration levels in soil with antibiotic selectivity
ranges. Future studies should take into account different soil samples to assess the sorption
and microbial activity behavior various soil compositions.
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APPENDIX A
OTC CONCENTRATIONS IN AQUEOUS MEDIA
Table A.1: OTC Concentrations in aqueous media
Source Media
Concentration
(ng/ml)
Location Reference
Ag Surface water
0.05
Korea Awad et al. (2013)
0.32
4.49 UK Boxall et al. (2006)
0.01
USA Kim et al. (2007)
0.01
0.01
0.01
0.01
0.01
0.01
1.78
0.83
1.12
0.48
0.38
0.25
0.015
China Shao et al. (2009)
0.018
0.024
0.021
0.016
0.019
0.312
0.204
0.072
0.02
0.021
0.019
0.07 USA Yang and Carlson (2003)
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Table A.1: Continued
Source Media
Concentration
(ng/ml)
Location Reference
Ag
Surface water 0.15 USA Yang and Carlson (2003)
WWTP influent
0.163
China Shao et al. (2009)
1.481
0.095
0.928
0.367
1.19
0.26
2.942
WWTP effluent
0.081
China Shao et al. (2009)
0.916
0.011
0.113
0.082
0.526
0.011
0.1
Runoff
0.9 UK Blackwell et al. (2007)
32
UK Kay et al. (2005c)
71.7
0.26
USA Popova et al. (2013)
0.11
Groundwater
0.15
Germany Hamscher et al. (2000)
0.19
0.08
USA Mackie et al. (2006)
0.13
WW lagoon
0.093
USA Watanabe et al. (2010)
0.31
0.66
0.19
0.1
0.18
1.471
USA Zhang et al. (2013)
2.138
0.01
0.394
0.125
1.41
China Zhou et al. (2013)
0.586
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Table A.1: Continued
Source Media
Concentration
(ng/ml)
Location Reference
Ag Anaerobic Digestor
9800
USA Arikan et al. (2006)
6800
6600
6900
4000
Urban
Surface water
0.0022 China Jia et al. (2009)
0.01
USA Kim and Carlson (2007)
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.34 USA Kolpin et al. (2002)
WWTP influent
0.0226 USA Gao et al. (2012)
0.0725 China Jia et al. (2009)
8.66 China Sim et al. (2011)
0.64 USA Yang and Carlson (2003)
WWTP effluent
0.021 USA Gao et al. (2012)
0.0038 China Jia et al. (2009)
3.38 China Sim et al. (2011)
0.66 USA Yang and Carlson (2003)
Industrial
Surface water
712
China Li et al. (2008)
689
523
612
531
371
484
411
235
WWTP influent 920000 China Li et al. (2008)
WWTP effluent 19500 China Li et al. (2008)
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APPENDIX B
OTC CONCENTRATIONS IN SOLID MEDIA
Table B.1: OTC Concentrations in solid media
Source Media
Concentration
(µg/kg)
Location Reference
Ag Sediment
1160
USA Simon (2005)
1900
650
930
940
1100
3280
2710
700
1340
6.2
USA Kim and Carlson (2007)
7.1
8
6.8
7.4
13
13.2
13.9
18.1
19.7
18.9
5.6
5.9
6.1
23.7
23.1
24.1
10.5
8.7
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Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Ag Sediment
8.7
USA Kim and Carlson (2007)
35.7
35.4
35.2
0.47
Korea Awad et al. (2013)
1.43
813 UK Boxall et al. (2006)
Fish farm Sediment
130
Norway Jacobsen and Berglind (1988)
4900
1200
3600
2400
1000
460
60
Finland Björklund et al. (1990)
100
290
10
50
200
50
200
300
500
10
60
100
200
10
100
10400
900
4100
4700
1500
9300
6300
2100
4400
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Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Fish farm Sediment
6700
Finland Björklund et al. (1990)
2600
4200
1600
800
3600
2200
1200
3700
2500
1300
3700
1700
5600
2700
4400
1800
500
5700
2300
4400
1300
900
26200
Norway Samuelsen et al. (1992)
15800
30500
20600
39000
9800
4100
1700
283300
287000
139000
107000
71000
41600
20400
190600
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Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Fish farm Sediment
103500
Norway Samuelsen et al. (1992)
100000
66700
35100
18300
7800
4600
900
USA Capone et al. (1996)
200
500
1200
800
3400
1400
1100
1000
1600
1100
800
500
300
900
600
800
700
1300
Ireland Kerry et al. (1996)
3800
4500
4500
4200
26000
Norway Samuelsen et al. (1992)
285000
Urban Sediment
5.1
USA Kim and Carlson (2007)
5.8
5.9
2.6
1.8
2.8
19.5
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Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Urban Sediment
18.8
USA Kim and Carlson (2007)
19.1
7.3
7.6
8.4
8.2
7.5
9.3
6.8
7.5
7.6
9.4
10.4
9.9
56.2
56
56.2
Industrial Sediment
236000
China Li et al. (2008)
262000
171000
197000
240000
166000
212000
201000
139000
Urban Sludge
174.21
China An et al. (2015)1553.5
7369.67
Industrial Sludge 3.76E+06 China Li et al. (2008)
Cattle Sludge
109 USA Watanabe et al. (2010)
4.6
USA Zhang et al. (2013)
2.6
13.4
24.6
4.6
9.5
1.9
2.9
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Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Swine Sludge
65.6
USA Zhang et al. (2013)
16
32.6
14.6
7.7
8.4
0.35
USA Mackie et al. (2006)0.41
4.26
178
China Zhou et al. (2013)
127
Cattle Fresh
11300 USA Patten et al. (1980)
871700 Italy de Liguoro et al. (2003)
130
China Zhang et al. (2015)
1940
210
China Li et al. (2013)
10370
320
China Zhao et al. (2010)
59590
70
Iran Alavi et al. (2015)
620
100
450
18000 USA Arikan et al. (2009)
62000 USA Arikan et al. (2006)
Swine Fresh
210
Austria Martínez-Carballo et al. (2007)
29000
1600
Germany Winckler et al. (2004)
136000
21.5
China Zhang et al. (2015)
43429
150
China Zhao et al. (2010)
59060
730
China Li et al. (2013)
56810
371
China Zhou et al. (2013)
799
1700
558
210
Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Swine Fresh
371
China Zhou et al. (2013)235
661
Poultry Fresh
19
China Zhang et al. (2015)
416750
960
China Li et al. (2013)
13390
340
Iran Alavi et al. (2015)
5870
80
490
540
550
47
170
340
13770
270
China Zhao et al. (2010)
10560
Cattle Aged
60 Turkey Karci and Balciog´lu (2009)
19000
Italy
de Liguoro et al. (2003)
8780
7930
11910
6360
2110
820
12000
USA Arikan et al. (2009)
8200
5900
2500
12900
2300
2700
1500
2100
7700
1600
300
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Table B.1: Continued
Source Media
Concentration
(µg/kg)
Location Reference
Cattle Aged
300
USA Arikan et al. (2009)400
4600
Swine Aged
1400
Denmark Jacobsen and Halling-Sørensen (2006)
1600
37
60
880
990
18000
Italy Brambilla et al. (2007)
25000
27000
29000
24000
22000
1000
1000
Italy
Brambilla et al. (2007)
2000
3000
6000
5000
5000
8000
19000 China Zhou et al. (2013)
Poultry Aged
330
Turkey Karci and Balciog´lu (2009)
260
230
470
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Table B.2: OTC Concentrations in soil
Media
Concentration
(µg/kg)
Location Reference
Soil
1410
China Zhou et al. (2013)52.3
8.59
0.9
Germany Hamscher et al. (2000)
8.6
526
UK Blackwell et al. (2007)
399
370
180
64
91
63
148
101
47
67
25
28
24
270.05
USA Aga et al. (2005)
0.55
51.89
0.67
0.77
0.52
2.67
64.98
0.81
0.9
22.08
1.1
3.6
1.02
17.62
China An et al. (2015)608.82
1398.47
25
Spain Andreu et al. (2009)32.1
22.4
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Table B.2: Continued
Media
Concentration
(µg/kg)
Location Reference
Soil
34.2
Spain Andreu et al. (2009)
29.6
52.2
45.7
32.2
15.7
32.3
105.4
95.8
34.5
45.2
52.2
22.7
25.4
67.6
34.5
28.5
92.9
10
Turkey Karci and Balciog´lu (2009)
20
30
110
130
140
140
230
500
309
UK Kay et al. (2004)
349
922
1073
62
131
168
1541
274
158
322
135
214
Table B.2: Continued
Media
Concentration
(µg/kg)
Location Reference
Soil
194
UK Kay et al. (2004)
104
258
51
213
182
11.3
China Huang et al. (2013)
79.5
7.2
613.2
8.3
23.1
44.7
219.1
7.2
613.2
192
82.65
17.15
14.57
23.34
11.72
6.61
7.4
7.1
6.61
13.21
6.05
5.66
0.09
Korea Awad et al. (2013)
0.52
0.31
0.71
0.48
China Wu et al. (2013)
1.54
6.72
2.92
0.91
1.58
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Table B.2: Continued
Media
Concentration
(µg/kg)
Location Reference
Soil
0.91
China Wu et al. (2013)
0.99
0.3
1.17
1.67
0.71
0.87
0.91
1.03
0.48
6.06
China Yin et al. (2012)
332.02
130
Italy Brambilla et al. (2007)
216
206
157
188
127
6
Italy de Liguoro et al. (2003)
7
124
China Hu et al. (2010)
2683
305 UK Boxall et al. (2006)
500 USA Zilles et al. (2005)
216
APPENDIX C
THOMAS ALGORITHM
C.1 Thomas Algorithm programed for Matlab
function M = Thomas_al(nodes, a, b, c, RHS )
C_t(1) = c(1)/b(1);
rhs_tt(1) = RHS(1)/b(1);
for j = 2:nodes-1
B_t(j) = b(j) - a(j)*C_t(j-1);
rhs_t(j) = RHS(j) - a(j)*rhs_tt(j-1);
C_t(j) = c(j)/B_t(j);
rhs_tt(j) = rhs_t(j)/B_t(j);
end
B_t(nodes) = b(nodes)-a(nodes)*C_t(nodes-1);
rhs_t(nodes) = RHS(nodes) - a(nodes)*rhs_tt(nodes-1);
M(nodes) = rhs_t(nodes)/B_t(nodes);
for jj = nodes-1:-1:1
M(jj) = rhs_tt(jj) - C_t(jj)*M(jj+1);
end
end
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APPENDIX D
FINITE DIFFERENCE METHOD
∂c
∂t
+
ρb
θ
∂s1
∂t
+
ρb
θ
∂s2
∂t
= D
∂2c
∂x2
− v ∂c
∂x
− µLc− ρb
θ
µs1s1 − ρb
θ
µs2s2 (D.1)
s1 = f(c) = fKfc
N (D.2)
∂c
∂t
+
ρb
θ
∂fKfc
N
∂t
+
ρb
θ
∂s2
∂t
= D
∂2c
∂x2
− v ∂c
∂x
− µlc− ρb
θ
µs1fKfc
N − ρb
θ
µs2s2 (D.3)
∂
(
1 +
ρbfKf c
N−1
θ
)
c
∂t
+
ρb
θ
∂s2
∂t
= D
∂2c
∂x2
− v ∂c
∂x
− µlc− ρb
θ
µs1fKfc
N − ρb
θ
µs2s2 (D.4)
∂θ
(
1 +
ρbfKf c
N−1
θ
)
c
∂t
+ρb
∂s2
∂t
= θD
∂2c
∂x2
−θv ∂c
∂x
−θµlc−ρbµs1fKfcN−ρbµs2s2 (D.5)
M = θRc = θ
(
1 +
ρbfKfc
N−1
θ
)
c = θc+ ρbKfc
N (D.6)
∂M
∂c
=
∂(θc+ ρbfKdc
N)
∂c
= θ + ρbKdNc
N−1 (D.7)
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∂M
∂c
∂c
∂t
=
∂M
∂t
=
∂
(
θ + ρbfKdNc
N−1) c
∂t
(D.8)
∂M
∂t
+ ρb
∂s2
∂t
= θD
∂2c
∂x2
− θv ∂c
∂x
− θµlc− ρbµs1fKfcN − ρbµs2s2 (D.9)
Full discretization
Mn+1i −Mni
∆t
+ ρb
sn+12i − sn2i
∆t
= θD
cn+ 12i+1 − 2cn+ 12i + cn+ 12i−1
∆x2

− θv
cn+ 12i+1 − cn+ 12i−1
2∆x

− θµlcn+
1
2
i − ρbµs1fKfcin+
1
2
N
− ρbµs2sn+
1
2
2i
(D.10)
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Adding w1 and w2 as the temporal weighting factors for the concentration from the
dispersion and advection term respectively.
Mn+1i −Mni
∆t
+ ρb
sn+12i − sn2i
∆t
= w1θD
(
cn+1i+1 − 2cn+1i + cn+1i−1
∆x2
)
− w2θv
(
cn+1i+1 − cn+1i−1
2∆x
)
− w4θµlcn+1i
− w4ρbµs1fKfcin+1N
− w4ρbµs2sn+12i
+ (1− w1)θD
(
cni+1 − 2cni + cni−1
∆x2
)
− (1− w2)θv
(
cni+1 − cni−1
2∆x
)
− (1− w4)θµlcni
− (1− w4)ρbµs1fKfcinN
− (1− w4)ρbµs2sn2i (D.11)
220
Moving all n+ 1 term to the left hand side
Mn+1i −Mni
∆t
+ ρb
sn+12i − sn2i
∆t
− w1θD
(
cn+1i+1 − 2cn+1i + cn+1i−1
∆x2
)
+ w2θv
(
cn+1i+1 − cn+1i−1
2∆x
)
+ w4θµlc
n+1
i
+ w4ρbµs1fKfci
n+1N + w4ρbµs2s
n+1
2i
= (1− w1)θD
(
cni+1 − 2cni + cni−1
∆x2
)
− (1− w2)θv
(
cni+1 − cni−1
2∆x
)
− (1− w4)θµlcni
− (1− w4)ρbµs1fKfcinN − (1− w4)ρbµs2sn2i (D.12)
Individualizing each term and multiplying times ∆t
Mn+1i −Mni + ρbsn+12i − ρbsn2i
− w1θD∆t
∆x2
cn+1i+1 +
2w1θD∆t
∆x2
cn+1i −
w1θD∆t
∆x2
cn+1i−1
+
w2θv∆t
2∆x
cn+1i+1 −
w2θv∆t
2∆x
cn+1i−1 + w4θµl∆tc
n+1
i
+ w4∆tρbµs1fKfci
n+1N + w4∆tρbµs2s
n+1
2i
=
(1− w1)θD∆t
∆x2
cni+1 −
2(1− w1)θD∆t
∆x2
cni +
(1− w1)θD∆t
∆x2
cni−1
− (1− w2)θv∆t
2∆x
cni+1 +
(1− w2)θv∆t
2∆x
cni−1 − (1− w4)θµl∆tcni
− (1− w4)∆tρbµs1fKfcinN − (1− w4)∆tρbµs2sn2i (D.13)
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Grouping common terms cn+1i−1 , c
n+1
i and c
n+1
i+1
Mn+1i −Mni + ρbsn+12i − ρbsn2i
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1i−1
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1i
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1i+1
+ [w4∆tρbµs1fKf ] ci
n+1N
+ [w4∆tρbµs2] s
n+1
2i
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs1fKf ] cinN
− [(1− w4)∆tρbµs2] sn2i (D.14)
Discretizing s2
∂s2
∂t
= α
[
(1− f)KfcN − s2
]− µs2s2 (D.15)
sn+12i − sn2i
∆t
= w3α(1− f)Kfcn+1Ni + (1− w3)α(1− f)Kfcn
N
i
−w3αsn+12i − (1− w3)αsn2i − w3µs2sn+12i − (1− w3)µs2sn2i (D.16)
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sn+12i − sn2i = ∆tw3α(1− f)Kfcn+1
N
i +∆t(1− w3)α(1− f)Kfcn
N
i
−∆tw3αsn+12i −∆t(1− w3)αsn2i
−∆tw3µs2sn+12i −∆t(1− w3)µs2sn2i (D.17)
sn+12i +∆tw3αs
n+1
2i
+∆tw3µs2s
n+1
2i
= ∆tw3α(1− f)Kfcn+1Ni
+∆t(1− w3)α(1− f)KfcnNi
+sn2i −∆t(1− w3)αsn2i
−∆t(1− w3)µs2sn2i (D.18)
(1 + ∆tw3(α + µs2))s
n+1
2i
= ∆tw3α(1− f)Kfcn+1Ni
+∆t(1− w3)α(1− f)KfcnNi
+(1−∆t(1− w3)(α + µs2))sn2i (D.19)
sn+12i =
∆tw3α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn+1
N
i
+
∆t(1− w3)α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn
N
i
+
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
sn2i (D.20)
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Replacing Sn+12i
Mn+1i −Mni
+ (ρb + w4∆tρbµs2)
[
∆tw3α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn+1
N
i
+
∆t(1− w3)α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn
N
i
+
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
sn2i
]
− ρbsn2i
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1i−1
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1i
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1i+1
+ [w4∆tρbµs1fKf ] ci
n+1N
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs1fKf ] cinN
− [(1− w4)∆tρbµs2] sn2i (D.21)
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Mn+1i −Mni
+
[
(ρb + w4∆tρbµs2)
∆tw3α(1− f)Kf
(1 + ∆tw3(α + µs2))
]
cn+1
N
i
+
[
(ρb + w4∆tρbµs2)
∆t(1− w3)α(1− f)Kf
(1 + ∆tw3(α + µs2))
]
cn
N
i
+
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i
− [ρb] sn2i
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1i−1
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1i
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1i+1
+ [w4∆tρbµs1fKf ] ci
n+1N
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs1fKf ] cinN
− [(1− w4)∆tρbµs2] sn2i (D.22)
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Taking care of the term
[
(ρb + w4∆tρbµs2)
∆tw3α(1−f)Kf
(1+∆tw3(α+µs2))
]
cn+1
N
i which is now going
to be called En+1i and
[
(ρb + w4∆tρbµs2)
∆t(1−w3)α(1−f)Kf
(1+∆tw3(α+µs2))
]
cn
N
i which is now going to be
calledEni . Taking care of the term [w4∆tρbµs1fKf ] c
n+1N
i which is now going to be called
Hn+1i and [(1− w4)∆tρbµs1fKf ] cnNi which is now going to be called Hni .
Mn+1i −Mni + En+1i + Eni +Hn+1i +Hni
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1i−1
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1i
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1i+1
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
(D.23)
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Writing the iterative termm+ 1
Mn+1,m+1i −Mni + En+1,m+1i + Eni +Hn+1,m+1i +Hni
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1,m+1i−1
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1,m+1i
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1,m+1i+1
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
(D.24)
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Aplying Taylor series expansion following theModified Picard philosophy forMn+1,m+1
with respect to c at cn+1,m (Celia et al., 1990; Huang et al., 1998)
Mn+1,m+1i = M
n+1,m
i +
(
∂Mi
∂ci
)n+1,m
(cn+1,m+1i − cn+1,mi ) (D.25)
Mn+1,m+1i = θc
n+1,m+1
i + ρbKfc
n+1,m+1N
i (D.26)
Mn+1,mi = θc
n+1,m
i + ρbKfc
n+1,mN
i (D.27)
Mni = θc
n
i + ρbKfc
nN
i (D.28)
Bn+1,mi =
(
∂Mi
∂ci
)n+1,m
= θ + ρbKfNc
n+1,mN−1
i (D.29)
Aplying Taylor series expansion following theModified Picard philosophy forEn+1,m+1
with respect to c at cn+1,m
En+1,m+1i = E
n+1,m
i +
(
∂Ei
∂ci
)n+1,m
(cn+1,m+1i − cn+1,mi ) (D.30)
En+1,m+1i = (ρb + w4∆tρbµs2)
∆tw3α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn+1,m+1
N
i (D.31)
En+1,mi = (ρb + w4∆tρbµs2)
∆tw3α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn+1,m
N
i (D.32)
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Eni = (ρb + w4∆tρbµs2)
∆t(1− w3)α(1− f)Kf
(1 + ∆tw3(α + µs2))
cn
N
i (D.33)
F n+1,mi =
(
∂Ei
∂ci
)n+1,m
= (ρb + w4∆tρbµs2)
∆tw3α(1− f)Kf
(1 + ∆tw3(α + µs2))
Ncn+1,m
N−1
i (D.34)
Aplying Taylor series expansion following theModified Picard philosophy forHn+1,m+1
with respect to c at cn+1,m
Hn+1,m+1i = H
n+1,m
i +
(
∂Hi
∂ci
)n+1,m
(cn+1,m+1i − cn+1,mi ) (D.35)
Hn+1,m+1i = w4∆tρbµs1fKfc
n+1,m+1N
i (D.36)
Hn+1,mi = w4∆tρbµs1fKfc
n+1,mN
i (D.37)
Hni = (1− w4)∆tρbµs1fKfcn
N
i (D.38)
In+1,mi =
(
∂Hi
∂ci
)n+1,m
= w4∆tρbµs1fKfNc
n+1,mN−1
i (D.39)
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ReplacingMn+1,m+1i and E
n+1,m+1
i
Mn+1,mi +B
n+1,m
i (c
n+1,m+1
i − cn+1,mi )−Mni
+ En+1,mi + F
n+1,m
i (c
n+1,m+1
i − cn+1,mi ) + Eni
+ Hn+1,mi + I
n+1,m
i (c
n+1,m+1
i − cn+1,mi ) +Hni
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1,m+1i−1
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1,m+1i
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1,m+1i+1
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
(D.40)
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Substracting the iterative term cn+1,mi−1 , c
n+1,m
i and c
n+1,m
i+1 on the left and on the right
hand side to maintain balance
Mn+1,mi +B
n+1,m
i (c
n+1,m+1
i − cn+1,mi )−Mni
+ En+1,mi + F
n+1,m
i (c
n+1,m+1
i − cn+1,mi ) + Eni
+ Hn+1,mi + I
n+1,m
i (c
n+1,m+1
i − cn+1,mi ) +Hni
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
] (
cn+1,m+1i−1 − cn+1,mi−1
)
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
] (
cn+1,m+1i − cn+1,mi
)
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
] (
cn+1,m+1i+1 − cn+1,mi+1
)
=
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
−
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1,mi−1
−
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1,mi
−
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1,mi+1 (D.41)
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Grouping similar terms
+
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
] (
cn+1,m+1i−1 − cn+1,mi−1
)
+
[
2w1θD∆t
∆x2
+ w4θµl∆t
+Bn+1,mi + F
n+1,m
i + I
n+1,m
i
] (
cn+1,m+1i − cn+1,mi
)
+
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
] (
cn+1,m+1i+1 − cn+1,mi+1
)
= Mni −Mn+1,mi − En+1,mi − Eni −Hn+1,mi −Hni
+
[
(1− w1)θD∆t
∆x2
+
(1− w2)θv∆t
2∆x
]
cni−1
+
[
−2(1− w1)θD∆t
∆x2
− (1− w4)θµl∆t
]
cni
+
[
(1− w1)θD∆t
∆x2
− (1− w2)θv∆t
2∆x
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i
+ [ρb] s
n
2i
−
[
−w1θD∆t
∆x2
− w2θv∆t
2∆x
]
cn+1,mi−1
−
[
2w1θD∆t
∆x2
+ w4θµl∆t
]
cn+1,mi
−
[
−w1θD∆t
∆x2
+
w2θv∆t
2∆x
]
cn+1,mi+1 (D.42)
Defining r and Cr
r =
D∆t
∆x2
(D.43)
Cr =
v∆t
∆x
(D.44)
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Replacing r and Cr
+
[
−w1θr − w2θCr
2
] (
cn+1,m+1i−1 − cn+1,mi−1
)
+ [2w1θr + w4θµl∆t
+Bn+1,mi + F
n+1,m
i + I
n+1,m
i
] (
cn+1,m+1i − cn+1,mi
)
+
[
−w1θr + w2θCr
2
] (
cn+1,m+1i+1 − cn+1,mi+1
)
= Mni −Mn+1,mi − En+1,mi − Eni −Hn+1,mi −Hni
+
[
(1− w1)θr + (1− w2)θCr
2
]
cni−1
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr
2
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i
+ [ρb] s
n
2i
−
[
−w1θr − w2θCr
2
]
cn+1,mi−1
− [2w1θr + w4θµl∆t] cn+1,mi
−
[
−w1θr + w2θCr
2
]
cn+1,mi+1 (D.45)
Discretizing a pulse boundary condition
vc−D∂c
∂x
= vg (D.46)
vci −Dci+1 − ci−1
2∆x
= vg (D.47)
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2∆xvci −D(ci+1 − ci−1) = 2∆xvg (D.48)
2∆xv
D
ci − ci+1 + ci−1 = 2∆xv
D
g (D.49)
ci−1 = ci+1 − 2∆xv
D
ci +
2∆xv
D
g (D.50)
Replacing the term cn+1,m+1i−1 , c
n+1,m
i−1 and c
n
i−1 with the boundary condition
+
[
−w1θr − w2θCr
2
](
cn+1,m+1i+1 −
2∆xv
D
cn+1,m+1i +
2∆xv
D
g
)
+
[
2w1θr + w4θµl∆t+B
n+1,m
i + F
n+1,m
i + I
n+1,m
i
] (
cn+1,m+1i − cn+1,mi
)
+
[
−w1θr + w2θCr
2
] (
cn+1,m+1i+1 − cn+1,mi+1
)
= Mni −Mn+1,mi − En+1,mi − Eni −Hn+1,mi −Hni
+
[
(1− w1)θr + (1− w2)θCr
2
](
cni+1 −
2∆xv
D
cni +
2∆xv
D
g
)
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr
2
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
−
[
−w1θr − w2θCr
2
](
cn+1,mi+1 −
2∆xv
D
cn+1,mi +
2∆xv
D
g
)
− [2w1θr + w4θµl∆t] cn+1,mi
−
[
−w1θr + w2θCr
2
]
cn+1,mi+1 (D.51)
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+[
−w1θr − w2θCr
2
] (
cn+1,m+1i+1 − cn+1,mi+1
)
−
[
−w1θr − w2θCr
2
](
2∆xv
D
cn+1,m+1i −
2∆xv
D
cn+1,mi
)
+
[
−w1θr − w2θCr
2
](
2∆xv
D
g − 2∆xv
D
g
)
+
[
2w1θr + w4θµl∆t+B
n+1,m
i + F
n+1,m
i + I
n+1,m
i
] (
cn+1,m+1i − cn+1,mi
)
+
[
−w1θr + w2θCr
2
] (
cn+1,m+1i+1 − cn+1,mi+1
)
= Mni −Mn+1,mi − En+1,mi − Eni −Hn+1,mi −Hni
+
[
(1− w1)θr + (1− w2)θCr
2
](
cni+1 −
2∆xv
D
cni +
2∆xv
D
g
)
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr
2
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
−
[
−w1θr − w2θCr
2
](
cn+1,mi+1 −
2∆xv
D
cn+1,mi +
2∆xv
D
g
)
− [2w1θr + w4θµl∆t] cn+1,mi
−
[
−w1θr + w2θCr
2
]
cn+1,mi+1 (D.52)
235
+
[
2w1θr + w4θµl∆t+B
n+1,m
i + F
n+1,m
i + I
n+1,m
i
−
(
−w1θr − w2θCr
2
)(
2∆xv
D
)] (
cn+1,m+1i − cn+1,mi
)
+
[
−w1θr + w2θCr
2
− w1θr − w2θCr
2
] (
cn+1,m+1i+1 − cn+1,mi+1
)
= Mni −Mn+1,mi − En+1,mi − Eni −Hn+1,mi −Hni
+
[
(1− w1)θr + (1− w2)θCr
2
](
cni+1 −
2∆xv
D
cni +
2∆xv
D
g
)
+ [−2(1− w1)θr − (1− w4)θµl∆t] cni
+
[
(1− w1)θr − (1− w2)θCr
2
]
cni+1
− [(1− w4)∆tρbµs2] sn2i
−
[
(ρb + w4∆tρbµs2)
(1−∆t(1− w3)(α + µs2))
(1 + ∆tw3(α + µs2))
]
sn2i + [ρb] s
n
2i
−
[
−w1θr − w2θCr
2
](
cn+1,mi+1 −
2∆xv
D
cn+1,mi +
2∆xv
D
g
)
− [2w1θr + w4θµl∆t] cn+1,mi
−
[
−w1θr + w2θCr
2
]
cn+1,mi+1 (D.53)
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APPENDIX E
OTC LOADING RATE ESTIMATES FOR TRANSPORT SIMULATIONS
Table E.1: Summary of values utilized for simulations
Description Value Units Reference
Crop Corn
Crop yield 150 bushel/acre Stichler and McFarland (1997)
Crop nitrogen (N) demand 240 lb N/acre Stichler and McFarland (1997)
% of inorganic N denitrified 20 % Table 11-8 of USDA (2009b)
% of N loss through leaching 10 % Table 11-7 of USDA (2009b)
% application losses 5 % Table 11-6 of USDA (2009b)
E.1 Nitrogen demand:
• N plant requirement considering denitrification:
Crop nitrogen (N) demand
% of N retained after denitrification
=
240 lb N
acre
1− 0.2 = 300
lb N
acre
(E.1)
• N plant requirement considering leaching losses:
N plant requirement considering denitrification
% retained after leaching losses
=
300 lb N
acre
1− 0.1 = 333
lb N
acre
(E.2)
• N to apply:
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N plant requirement considering leaching losses
% retained after application losses
=
333 lb N
acre
1− 0.05 = 351
lb N
acre
(E.3)
E.2 Slurry application calculations:
• Slurry loading:
N to apply
Manure N content
=
351 lb N
acre
· acre
4046.8m2
6 lb Ntonmanure · ton907.2Kg
= 13.11
Kgslurry
m2
(E.4)
• OTC loading:
Slurry loading · OTC in manure
z · ρb =
13.11
Kgslurry
m2 · 29000 µgOTCKgslurry
0.005m · 1.4Kgsoil
L
· 1000 Lm3
= 54, 330.9µgOTCKgsoil
(E.5)
13.11
Kgslurry
m2 · 29000 µgOTCKgslurry
0.10m · 1.4Kgsoil
L
· 1000 Lm3
= 2, 716.5µgOTCKgsoil
(E.6)
13.11
Kgslurry
m2 · 29000 µgOTCKgslurry
0.25m · 1.4Kgsoil
L
· 1000 Lm3
= 1, 086.6µgOTCKgsoil
(E.7)
E.3 Diluted slurry application calculations:
• Volume of slurry applied per area:
Slurry loading
ρmanure
=
13.11
Kgslurry
m2
0.99
Kgslurry
Lslurry
= 13.2
Lslurry
m2
(E.8)
• Volume of diluted slurry applied per area: Assuming slurry has a 10% of solids in
manure. Solids content needs to be reduced to 3%. According to Table 11-2 in
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(USDA, 2009b), 15 galH2O
ft3
of manure need to be added to reduced the solids content
from 10% to 3%.
Vds = Volume of slurry+ Volume of water
= 13.2
Lslurry
m2
+
(
13.2
Lslurry
m2
· 15galwater
ft3slurry
· 0.134 ftwater
galwater
)
= 39.9
Lds
m2
(E.9)
• OTC in diluted slurry:
Slurry loading · OTC in manure
Vds
=
13.11
Kgslurry
m2 · 29000 µgOTCKgslurry
39.9Ldsm2
= 9538.21
µgOTC
Lds
(E.10)
• Volume of solids:
Vsolids = Vds · %TS
100
= 39.9
Lds
m2
· 0.03 = 1.2Lsolids
m2
(E.11)
• Mass of solids:
Masssolids = Vsolids · ρds
= 1.2
Lsolids
m2
· 1Kg
L
= 1.2
Kgsolids
m2
(E.12)
• Volume of liquid:
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Vliquid = Vds − Vsolids
= 39.9
Lds
m2
− 1.2Lsolids
m2
= 38.7
LLs
m2
(E.13)
• Mass Balance:
Vliquid ·OTCliquid +Masssolid ·OTCsolids = Vds ·OTCds
Vliquid ·OTCliquid +Masssolid · (Kd ·OTCliquid) = Vds ·OTCds
38.7LLsm2 ·OTCliquid + 1.2Kgsolidsm2 · 38 LKg ·OTCliquid = 39.9
Lds
m2
· 9538.21µgOTC
Lds
OTCliquid = 4514.5
µgOTC
Lds
(E.14)
OTCsolid = Kd ·OTCliquid
= 38
L
Kg
· 4514.5µgOTC
Lds
= 171, 552
µgOTC
Kgsolid
(E.15)
• OTC loading:
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OTCsolid ·Masssolid
z · ρb
=
171, 552µgOTCKgsolid
· 1.2Kgsolidsm2
0.005m · 1.4Kgsoil
L
· 1000 Lm3
= 29, 409.9
µgOTC
Kgsoil
(E.16)
=
171, 552µgOTCKgsolid
· 1.2Kgsolidsm2
0.10m · 1.4Kgsoil
L
· 1000 Lm3
= 1, 470.4
µgOTC
Kgsoil
(E.17)
=
171, 552µgOTCKgsolid
· 1.2Kgsolidsm2
0.25m · 1.4Kgsoil
L
· 1000 Lm3
= 588.2
µgOTC
Kgsoil
(E.18)
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APPENDIX F
SENSITIVITY ANALYSIS
Table F.1: Aqueous and solid media concentrations estimated for the sensitivity analysis
of the two-site, one rate, non-equilibrium model
Variable Tested values
Aqueous
concentration
Sorption sites
at equilibrium
(type 1)
Time dependent
sorption sites
(type 2)
ρb
1.2 4.83 4.15 3.64
1.4 422.8 362.8 317.9
1.6 4254.9 3649.4 3195.4
Kd
565 4.87 4.15 3.62
665 365.4 362.8 363.3
765 3647.0 3649.4 3652.0
N
0.8 6.05 4.15 3.27
1.0 337.0 362.8 390.1
1.2 3652.9 3649.4 3650.3
f
0.01 4.40 4.15 3.65
0.05 74.2 362.8 623.0
0.09 3916.0 3649.4 3411.6
α
0.001 3.15 4.15 4.26
0.003 329.4 362.8 366.5
0.005 3825.4 3649.4 3533.2
DT50S
23 4.04 4.15 4.21
33 359.2 362.8 364.8
43 3552.8 3649.4 3702.1
OTC in
manure
38 3.29 4.15 5.02
48 287.2 362.8 438.4
58 2889.1 3649.4 4409.7
θ
0.1 4.28 4.15 4.13
0.2 366.9 362.8 362.2
0.3 3666.4 3649.4 3644.5
Note: concentration values are evaluated at z = 10 cm and t = 2.94 days. Values of each
parameter represent ak −∆ak, ak, and ak +∆ak, where ak is the base case. For example,
for the parameter ρb: ak −∆ak = 1.2 L/kg, ak = 1.4 L/kg and ak +∆ak = 1.6 L/kg.
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Table F.1: Continued
Variable Tested values
Aqueous
concentration
Sorption sites
at equilibrium
(type 1)
Time dependent
sorption sites
(type 2)
v
1.13 4.26 4.15 4.14
2.13 366.4 362.8 362.3
3.13 3664.3 3649.4 3644.9
D
2.11 4.38 4.15 4.01
3.11 370.4 362.8 358.1
4.11 3671.4 3649.4 3635.3
DT50L
23 4.15 4.15 4.15
33 362.8 362.8 362.8
43 3649.4 3649.4 3649.4
Note: concentration values are evaluated at z = 10 cm and t = 2.94 days. Values of each
parameter represent ak −∆ak, ak, and ak +∆ak, where ak is the base case. For example,
for the parameter ρb: ak −∆ak = 1.2 L/kg, ak = 1.4 L/kg and ak +∆ak = 1.6 L/kg.
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Table F.2: Sensitivity coefficient for aqueous, Sorption sites at equilibrium and analysis
result comparisons
Variable
Tested
values
Aqueous
concentration
Sorption sites
at equilibrium
(type 1)
Time dependent
sorption sites
(type 2)
ρb
1.2 4.8 420 4238.5
1.6 4.1 359.2 3632.0
Kd
565 4.8 17.3 16.0
765 4.1 3.8 19.9
N
0.8 9.5 129.0 17.5
1.2 5.3 163.8 5.4
f
0.01 0.3 360.8 333.3
0.09 1.1 5855 535.1
α
0.001 1.5 50.1 264
0.005 0.3 9.3 290
DT50S
23 0.4 11.9 318.8
43 0.3 8.6 226.6
OTC in
manure
38 4.1 362.9 3649.4
58 5.0 438.5 4409.7
θ
0.1 0.3 8.2 34.0
0.3 0.1 1.8 14.7
v
1.13 0.2 7.7 36.2
3.13 0.0 1.6 14.1
D
2.11 0.7 23.6 68.4
4.11 0.6 19.3 58.0
DT50L
23 0.0 0.0 0.0
43 0.0 0.0 0.0
Note: concentration values are evaluated at z = 10 cm and t = 2.94 days.
244
Figure F.1: Sensitivity analysis results for the fraction of available exchange sites at equi-
librium (f ). Predicted time dependent aqueous concentration (A), equilibrium sorption
site (Type 1) concentration (B), and kinetic sorption site (Type 2) (C) concentration of
OTC assuming surface application of manure with 10 cm incorporation depth.
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Figure F.2: Sensitivity analysis results for soil bulk density (ρb). Predicted time depen-
dent aqueous concentration (A), equilibrium sorption site (Type 1) concentration (B), and
kinetic sorption site (Type 2) (C) concentration of OTC assuming surface application of
manure with 10 cm incorporation depth.
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Figure F.3: Sensitivity analysis results for Freundlich sorption isotherm exponent (N ).
Predicted time dependent aqueous concentration (A), equilibrium sorption site (Type 1)
concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC assuming
surface application of manure with 10 cm incorporation depth.
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Figure F.4: Sensitivity analysis results for the first order kinetic rate coefficient (α). Pre-
dicted time dependent aqueous concentration (A), equilibrium sorption site (Type 1) con-
centration (B), and kinetic sorption site (Type 2) (C) concentration of OTC assuming sur-
face application of manure with 10 cm incorporation depth.
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Figure F.5: Sensitivity analysis results for the degradation rate in solid media (µs). Pre-
dicted time dependent aqueous concentration (A), equilibrium sorption site (Type 1) con-
centration (B), and kinetic sorption site (Type 2) (C) concentration of OTC assuming sur-
face application of manure with 10 cm incorporation depth.
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Figure F.6: Sensitivity analysis results for the partition coefficient (Kd). Predicted time de-
pendent aqueous concentration (A), equilibrium sorption site (Type 1) concentration (B),
and kinetic sorption site (Type 2) (C) concentration of OTC assuming surface application
of manure with 10 cm incorporation depth.
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Figure F.7: Sensitivity analysis results for the concentration of OTC in manure. Predicted
time dependent aqueous concentration (A), equilibrium sorption site (Type 1) concentra-
tion (B), and kinetic sorption site (Type 2) (C) concentration of OTC assuming surface
application of manure with 10 cm incorporation depth.
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Figure F.8: Sensitivity analysis results for the moisture content (θ). Predicted time depen-
dent aqueous concentration (A), equilibrium sorption site (Type 1) concentration (B), and
kinetic sorption site (Type 2) (C) concentration of OTC assuming surface application of
manure with 10 cm incorporation depth.
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Figure F.9: Sensitivity analysis results for the pore water velocity (v). Predicted time de-
pendent aqueous concentration (A), equilibrium sorption site (Type 1) concentration (B),
and kinetic sorption site (Type 2) (C) concentration of OTC assuming surface application
of manure with 10 cm incorporation depth.
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Figure F.10: Sensitivity analysis results for dispersion coefficient (D). Predicted time de-
pendent aqueous concentration (A), equilibrium sorption site (Type 1) concentration (B),
and kinetic sorption site (Type 2) (C) concentration of OTC assuming surface application
of manure with 10 cm incorporation depth.
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Figure F.11: Sensitivity analysis results for the degradation rate in aqueous media (µL).
Predicted time dependent aqueous concentration (A), equilibrium sorption site (Type 1)
concentration (B), and kinetic sorption site (Type 2) (C) concentration of OTC assuming
surface application of manure with 10 cm incorporation depth.
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